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Hypertrophic cardiomyopathy (HCM) is the most prevalent inherited cardiac disease. Up to 40% of cases are
associated with heterozygous mutations in myosin binding protein C (cMyBP-C, MYBPC3). Most of these mu-
tations lead to premature termination codons (PTC) and patients show reduction of functional cMyBP-C. This so-
called haploinsufficiency most likely contributes to disease development.

We analyzed mechanisms underlying haploinsufficiency using cardiac tissue from HCM-patients with trun-
cation mutations in MYBPC3 (MYBPC3runc). We compared transcriptional activity, mRNA and protein expression
to donor controls. To differentiate between HCM-specific and general hypertrophy-induced mechanisms we used
patients with left ventricular hypertrophy due to aortic stenosis (AS) as an additional control. We show that
c¢MyBP-C haploinsufficiency starts at the mRNA level, despite hypertrophy-induced increased transcriptional
activity. Gene set enrichment analysis (GSEA) of RNA-sequencing data revealed an increased expression of NMD-
components. Among them, Up-frameshift protein UPF3B, a regulator of NMD was upregulated in MYBPC3ync
patients and not in AS-patients. Strikingly, we show that in sarcomeres UPF3B but not UPF1 and UPF2 are
localized to the Z-discs, the presumed location of sarcomeric protein translation. Our data suggest that cMyBP-C
haploinsufficiency in HCM-patients is established by UPF3B-dependent NMD during the initial translation round
at the Z-disc.

1. Introduction

Hypertrophic Cardiomyopathy (HCM) is the most frequent inherited
cardiac disease, characterized by asymmetric hypertrophy of the left
ventricle and the interventricular septum. In about half of the patients
with HCM, causative mutations can be identified. These mutations occur
in different sarcomeric and some rarely affected non-sarcomeric genes
and almost all patients are heterozygous for the respective mutation
[1,2]. The most frequently affected genes are MYBPC3 encoding for the
cardiac myosin binding protein C (cMyBP-C) and MYH?7 encoding for the
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p-myosin heavy chain [2]. Some mutations alter protein function
thereby inducing a poison peptide effect, while other mutations result in
a reduction of total functional protein, leading to haploinsufficiency of
the affected protein. Interestingly, the majority of HCM-causing
MYBPC3-mutations lead to premature termination codons (PTC) either
through nonsense, frameshift or splice variants [3-5]. However, trun-
cated cMyBP-C fragments expressed from the mutated allele have not
been detected in patients with MYBPC3 truncation (MYBPC3rync) mu-
tations [6-10]. This lack of truncated cMyBP-C was in most cases
accompanied by an overall reduction of total cMyBP-C [6-8,11]. Two
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different cellular mechanisms could explain this reduction, which could
work separately from each other or in combination. First, the newly
produced truncated cMyBP-C could be degraded via the ubiquitin pro-
teasome system [12,13]. Second, the translational stop at the PTC could
induce nonsense mediated mRNA decay (NMD) of the mutated
MYBPC3-mRNA (reviewed in [14,15]). It was previously discussed, that
both degradation pathways could work in parallel [16].

Some studies have previously shown reduced amounts of MYBPC3-
mRNA, therefore involvement of NMD seems more plausible [6-8].
NMD is a complex quality control pathway for mRNA transcripts con-
taining PTCs. Upon premature translation termination, activation of
NMD is triggered by different mechanisms [17,18]. Among them, Up-
frameshift protein (UPF)-dependent NMD plays an important role. In
eukaryotes, three UPF proteins are expressed, UPF1, 2, and 3, and
humans express two paralogues of UPF3, UPF3A, and UPF3B. UPF1 has
been shown to be essential in RNA quality control, where it has several
roles. It binds to chromatin in the nucleus and promotes transcription-
coupled NMD [19] and in addition, it can directly bind to RNA where
it has been shown to concentrate in 3'UTR if a PTC and a 3'UTR exon
junction complex (EJC) is present [20,21]. UPF1 triggers NMD after it is
phosphorylated and interacts with SMGS5, 6 and 7 [20,22,23]. Another
branch of NMD-activation involves the EJC, which is placed upon mRNA
splicing 20-24 nucleotides upstream of each splice site [24]. Physio-
logically, EJC's are removed during the initial round of translation
thereby stabilizing the mRNA for further translation. If a PTC is located
>50-55 nucleotides upstream of an exon-exon junction, the down-
stream EJCs are not removed during the initial translation [25,26].
Current models imply that spliced mRNAs with associated exon-junction
complexes are shuttled to the cytoplasm where UPF1 binds to the mRNA
and UPF3B binds to proteins of the EJC. During the initial round of
translation, the UPF1-UPF3B complex initiates translation termination if
the ribosome encounters a PTC [27]. Depending on the EJC-
composition, this can either lead to direct activation of NMD (UPF2-
independent NMD) or to recruitment of UPF2 and subsequent activation
of NMD by UPF2 [28]. EJCs are bridged to RNA-bound UPF1 by UPF2 or
UPF3B leading to UPF1 phosphorylation through SMG1 kinase thereby
initiating NMD ([29] and reviewed in [14]).

Apart from its role as transcript quality control mechanism, NMD can
regulate gene expression, maturation, and differentiation during em-
bryonic development and influence cell stress responses (reviewed in
[30,311). For example, alternative splicing of gene transcripts can lead
to mRNAs targeted by NMD and thereby regulate mRNA abundance of
these genes (reviewed in [32]). Furthermore, inhibition of NMD can
stabilize the transcripts of several stress-induced genes and thereby
augment the cellular stress response [33].

To date, it is still not fully understood how HCM disease development
is triggered in patients with MYBPC3, mutations, since cMyBP-C
protein levels are not always reduced [34,35]. Recently, it was hy-
pothesized, that chronic activation of NMD might contribute to HCM
disease development [36,37]. Since NMD is connected to various
cellular pathways like cell differentiation, autophagy as well as gene
expression regulation [31], it is conceivable, that alterations of NMD-
activity could affect cardiomyocyte (CM) functionality and thereby
induce HCM.

Involvement of NMD in mutant MYBPC3-mRNA degradation was
found in cMyBP-C knock-in mice [16]. Furthermore, upregulation of
NMD-pathway was determined in MYBPC3yn. iPSC-CMs [37]. The
marked total MYBPC3-mRNA or mutant MYBPC3-mRNA reduction,
which occurs in MYBPC3yn patients with HCM [6-8,34] suggests that
degradation of mutated MYBPC3-mRNA via NMD is responsible for the
reduction . However, a direct link between cMyBP-C haploinsufficiency
and NMD has not yet been shown in HCM-patients with MYBPC3yync
mutations.

The aim of this study was therefore, to investigate whether NMD is
associated with MYBPC3 gene and protein expression in HCM-patients
with different MYBPC3yn. mutations in comparison to heart-healthy
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donors and to patients with left ventricular hypertrophy due to aortic
stenosis (AS). We show that changes of the cMyBP-C protein level are
directly correlated with MYBPC3 transcript level, whereas increased
transcriptional activity is associated with hypertrophic growth of the
heart. Therefore, we conclude that degradation of mutant mRNA via
NMD represents the underlying mechanism of cMyBP-C hap-
loinsufficiency. We provide additional evidence that UPF3B plays a
central role in MYBPC3-NMD and that it could take place at the Z-discs
in CMs.

2. Material and methods
2.1. Patients and donors

The study on anonymized human tissue was approved by the ethics
committee of Hannover Medical School and experiments were carried
out in accordance with the given recommendations (No. 2276-2014).
Written informed consent according to the Declaration of Helsinki [38]
was given by all subjects.

Left ventricular septum tissue from HCM-patients was obtained
either during myectomy surgery or after heart transplantation. We
analyzed patients diagnosed with hypertrophic obstructive cardiomy-
opathy (HOCM) as evident from increased septal thickness (>13 mm) in
the absence of overt causes for hypertrophy. Furthermore, we analyzed
patients with left ventricular hypertrophy due to aortic stenosis of whom
cardiac tissue was also obtained by myectomy (Morrow procedure).
Non-transplanted hearts from donors without any known cardiovascular
condition were obtained from the Sydney Heart Bank [39]. Detailed
information on mutations and clinical characteristics are given in Sup-
plement Table 1.

2.2. Analysis of HCM-patient samples for truncated cMyBP-C fragments
and protein content

Relative cMyBP-C protein amounts were quantified as described
previously [40]. Briefly, cardiac tissue samples from donors and patients
were ground in a cryo-mortar and re-suspended in sample buffer. Pro-
tein separation was performed by polyacrylamide gel electrophoresis
and subsequent transfer to a nitrocellulose membrane (GE10600001; GE
Healthcare) for cMyBP-C and UPF3B quantification and to a PVDF
membrane (88518; ThermoFisher Scientific) for UPF1 and UPF2 quan-
tification by western blotting. The following antibodies were used for
detection of cMyBP-C (N-terminus; sc137237; Santa Cruz; dilution
1:500), a-actinin (ab9465; Abcam; 1:1000), cTnl (29863; Biogenes;
1:500), UPF1 (NBP1-89641; Novusbio; dilution 1:100), UPF2
(NBP2-57706; Novusbio; dilution 1:100), and UPF3B (NBP1-83134;
Novusbio; dilution 1:100).

2.3. Relative MYBPC3-mRNA quantification via RT-qPCR

Total RNA was extracted using the ‘Monarch® Total RNA Miniprep
Kit’ (T2010S; NEB) from frozen cardiac tissue of donors and patients
ground in a cryo-mortar. RNA was reverse transcribed in 14.5 pl total
reaction volume containing either 2.5 pM random decamers (AM5722G;
ThermoFisher Scientific) for MYBPC3-mRNA quantification and 0.5 pM
specific reverse transcription primers for UPF3B-mRNA quantification
(listed in Supplement Table 2), 5 U Tetro reverse transcriptase (BIO-
65050; Bioline), 1 U RNase inhibitor (BIO-65028; Bioline) and 500 pM
dNTPs (R0192; Fermentas) incubated for 1 h at 42 °C. Expression of
MYBPC3 and TNNI3 was analyzed in a multiplex quantitative PCR assay
for relative MYBPC3-mRNA quantification. For UPF3B-mRNA quantifi-
cation, expression of UPF3B was analyzed in a multiplex quantitative
PCR assay together with GAPDH. 1x TagMan™ Universal Mastermix II,
no UNG (4440040; ThermoFisher Scientific) was used together with
0.25 pM primers and 0.0625 pM probes all ordered from Biomers and
listed in Supplement Table 2, in a final volume of 20 pl in duplicates. The
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standard protocol from the QuantStudio™ 6 Flex System (ThermoFisher
Scientific) was used with initial 95 °C for 10 min followed by 40 cycles of
95 °C for 15 s and 60 °C for 45 s. Relative mRNA expression as fold
change was calculated using the AACt-method. As reference genes,
TNNI3 was used for MYBPC3 and GAPDH for UPF3B. Individual values
were normalized to the average of the analyzed donor samples. Analyses
were performed in five individual quantifications.

2.4. RNA fluorescence in situ hybridization (RNA-FISH) for detection of
MYBPC3 and TNNI3 active transcription sites (aTS)

Detection of active transcription sites in CM nuclei was performed as
previously described [40]. Cryosections (10-16 pm thickness) were
prepared from frozen left ventricular heart tissue and hybridized with
fluorescently labeled sets of 20-mer oligonucleotides (LGC Biosearch
Technologies) for intronic or exonic sequences of MYBPC3- and TNNI3-
RNA, respectively. Probe sets for intronic pre-mRNA labeled with fluo-
rophore Quasar 670 (LGC Biosearch Technologies) and exonic mRNA
probe sets with fluorophore Quasar 570 (LGC Biosearch Technologies)
were custom designed (Stellaris® Probe Designer, as published in [40]).
Co-localization of both Quasar 570 and Quasar 670 fluorescence in CM
nuclei indicate active transcription sites (aTS). For each analyzed indi-
vidual, aTS in at least 80 nuclei were counted. aTS/nucleus were
calculated as measure for transcriptional activity. MYBPC3 aTS/nucleus
for patients H36, H45, and H84 were derived from previously published
data in [40].

2.5. RNA-sequencing

Extracted RNA described under ‘relative MYBPC3-mRNA quantifi-
cation’ was used for cDNA-library generation and subsequent RNA-
sequencing. Primary quality control of the RNA samples showed sub-
stantial levels of small fragments <200 nucleotides. In order not to risk
any negative impact on library generation, an additional purification
step using magnetic beads was implemented to effectively remove these
short fragments. cDNA-library generation, RNA-sequencing, and raw
data processing was performed by the Research Core Unit Genomics
(RCUG) of Hannover Medical School. 40 ng of total RNA per sample
(differing for sample H66 (31 ng), H88 (37 ng), H36 (35 ng), H154 (37
ng), and H125 (32 ng) due to limited sample material for RNA extrac-
tion) were utilized as input for mRNA enrichment procedure with
‘NEBNext® Poly(A) mRNA Magnetic Isolation Module’ (E7490L; New
England Biolabs) followed by stranded cDNA library generation using
‘NEBNext® Ultra II Directional RNA Library Prep Kit for Illumina’
(E7760L; New England Biolabs). All steps were performed as recom-
mended in user manual E7760 (Version 1.0.02-2017; NEB) with
downscaling of all reactions to 2/3 of initial volumes. Furthermore, one
additional purification step was introduced at the end of the standard
procedure, using 1.2x ‘Agencourt® AMPure® XP Beads’ (A63881;
Beckman Coulter, Inc.). cDNA libraries were barcoded by dual indexing
approach, using ‘NEBNext Multiplex Oligos for Illumina — 96 Unique
Dual Index Primer Pairs’ (6440S; New England Biolabs). All generated
cDNA libraries were amplified with 12 cycles of final PCR. Fragment
length distribution of individual libraries was monitored using ‘Bio-
analyzer High Sensitivity DNA Assay’ (5067-4626; Agilent Technolo-
gies). Quantification of libraries was performed by use of the ‘Qubit®
dsDNA HS Assay Kit" (Q32854; ThermoFisher Scientific). Equal molar
amounts of 21 individually barcoded libraries were pooled for a col-
lective sequencing run. The library pools were denatured with NaOH
and were finally diluted to 2 pM. 1.3 ml of each denatured pool was
loaded on an Illumina NextSeq 550 sequencer using a High Output
Flowcell for single reads (20024906; Illumina). Sequencing was per-
formed with the following settings: Sequence reads 1 and 2 with 38
bases each; Index reads 1 and 2 with 8 bases each. BCL files were con-
verted to FASTQ files using bcl2fastq Conversion Software version
v2.20.0.422 (Illumina). Raw data processing was conducted by use of
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nfcore/rnaseq (version 1.4.2). The pipeline uses Nextflow, as bioinfor-
matics workflow tool to pre-process raw data from FastQ inputs, align
reads, and perform extensive quality-control on the results. The genome
reference and annotation data were taken from GENCODE.org (Homo
sapiens; GRCh38.p13; release 34). Normalization and differential
expression analysis were performed on the internal Galaxy (version
20.05) instance of the RCU Genomics, Hannover Medical School, Ger-
many with DESeq2 (Galaxy Tool Version 2.11.40.6) with default settings
except for “Output normalized counts table”, which was set to “Yes” and
all additional filters were disabled (“Turn off outliers replacement”,
“Turn off outliers filtering”, and “Turn off independent filtering” set
“Yes™).

2.6. Allelic quantification of MYBPC3-mRNA with RNA-sequencing
results

We quantified the relative amount of mutant MYBPC3-mRNA in the
MYBPC3une patients in our RNA-sequencing data. For patients H36,
H44, and H51 with exonic mutations (MYBPC3c 2864 2865delCT>
MYBPC3, 3697¢>T, and MYBPC3C_170071701d31AG,) we could directly
compare the read counts of mutant to wildtype transcripts and calculate
the percentage of each. For patients H45, H59, and H84 (MYBPC3. 14ss-
6G>A MYBPC3. 3490+1G>T, and MYBPC3. 927.2a~G) where mutations are
located in introns, we calculated the percentage of mutated reads rela-
tive to the mean reads of two random positions in the upstream and two
in the downstream exons of the affected intron.

2.7. IsoformSwitchAnalyzeR

Sequencing raw data was processed using nfcore/rnaseq (version
3.6) with default parameters to retrieve spliced aware genome align-
ment and count quantification on transcript level. Salmon transcript
level quantification of the samples was introduced to Iso-
formSwitchAnalyzeR (version 1.20.0) and analyzed using Iso-
formSwitchAnalysisCombined function with default parameters
according to the vignette (https://bioconductor.org/packages
/devel/bioc/vignettes/IsoformSwitchAnalyzeR/inst/doc/IsoformSwit
chAnalyzeR.html#how-to-prevent-visualization-of-nmd-in-the-switch
plot) for identification of isoform switches.

2.8. Gene set enrichment analysis (GSEA)

The gene set enrichment analysis (GSEA) was performed using the
software package from UC San Diego and Broad Institute (version 4.1.0).
We used the output of the DESeq2 analysis from RNA-sequencing and
compared that to the reactome gene set database version 7.4 (c2.cp.
reactome.v7.4.symbols.gmt [curated]). Analysis was performed with
1000 permutations and the permutation type was set to “gene_set”.

2.9. Immunofluorescence staining of cardiac tissue cryosections

Immunofluorescence staining of cardiac tissue cryosections was
performed as previously described [40]. In short, cryosections (5 pm
thick) from donor and MYBPC3y,. patient cardiac tissue were fixed in
4% paraformaldehyde and antibodies against UPF1 (NBP1-89641;
Novusbio; dilution 1:100), UPF2 (NBP2-57706; Novusbio; dilution
1:100), and UPF3B (NBP1-83134; Novusbio; dilution 1:100) in combi-
nation with a-actinin (A7811; Sigma; dilution 1:100) were incubated for
1 h at room temperature. As secondary antibodies, anti-mouse Alexa
Fluor 488 (A2102; ThermoFisher Scientific; dilution 1:400) and anti-
rabbit Alexa Fluor 555 (A31572; ThermoFisher Scientific; 1:400) were
applied simultaneously. DAPI was used to stain nuclei. Cryosections
were analyzed by confocal laser scanning microscopy (Zeiss LSM).
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2.10. Statistical analysis

Values are presented as mean + SD unless indicated otherwise. In
multi-group comparisons one-way analysis of variance (ANOVA) and
Tukey's post-hoc test was applied. Significance for all tests was accepted
when p < 0.05. Statistical analysis and linear correlation test (Pearson
correlation coefficient) was performed using GraphPad Prism (version
9.5.0).

3. Results

3.1. cMyBP-C haploinsufficiency disrupts sarcomeric stoichiometry in
MYBPC3yync patients

We compared cMyBP-C protein expression in tissue samples from
HCM-patients with truncation mutations in cMyBP-C, donors, and pa-
tients with aortic stenosis (AS). To ensure that only patients with hap-
loinsufficiency were included in our study, we used western blot analysis
to quantify cMyBP-C protein levels. We performed six individual west-
ern blot analyses for four MYBPC3yy, patients with mutations
MYBPC3. 3288delG (H34), MYBPC3, 3697c>T (H44), MYBPC3,.1700_1701de-
a6 (H51), and MYBPC3. 3490+16>T (H59) and included patients H36
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(MYBPC3,.927.2a~G) analyzed in [40], five donors (H88, H89, H103,
H108, H113) and four patients with AS (H69, H125, H126 and H130).
Overall, MYBPC3un patients showed reduced cMyBP-C amounts
compared to donors and AS-patients, whereas both, a-actinin and cTnl
where expressed at comparable levels among the individuals (Fig. 1A).
Quantitative analysis confirmed this finding. When normalized to the
expression of a-actinin, a protein of the Z-disc, MYBPC3y, patients
showed on average a significant reduction by 27% compared to donors
and by 23% compared to AS-patients, indicating haploinsufficiency in
the HCM-patients. Proteins of the thin and thick filament are expressed
in a fixed stoichiometry for proper function (reviewed in [42]). There-
fore, haploinsufficiency could affect this stoichiometry and thereby
sarcomeric function. To examine whether stoichiometry was affected,
we normalized cMyBP-C expression also to cTnl. We detected a com-
parable and significant reduction in cMyBP-C by 27% and 36% in
comparison to donors and AS-patients. In contrast, AS-patients showed
no significant deviation from donor samples in cMyBP-C expression
(Fig. 1B). This indicates that sarcomeric stoichiometry is affected in
MYBPC3yne but not in AS-patients. To analyze overall reduction in
c¢MyBP-C in cardiac tissue, we compared cMyBP-C expression relative to
B-tubulin, a non-sarcomeric protein which is expressed in car-
diomyocytes and non-myocytes (Supplement Fig. 1). Here, we detected
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Fig. 1. cMyBP-C haploinsufficiency in MYBPC3yn. patients.

Protein extracts from frozen tissue samples were analyzed on western blots after SDS-PAGE. A Exemplary western blot for quantification of cMyBP-C relative to
a-actinin or cTnl. Each membrane was cut into three pieces and incubated with the respective antibody. B Relative quantification of cMyBP-C to a-actinin or cTnl
from six individual western blot membranes. Each triangle represents the mean of the six experiments for each individual. Analyzed individuals were H88, H89,
H103, H108, and H113 in the donor group, H34, H44, H51, and H59 together with previously published results from H36, H45, and H84 [40] in the MYBPC3ync
patient group and H69, H125, H126 and H130 in the AS-patient group. For comparison of HCM-patient results with donors or AS-patients, one-way analysis of
variance (ANOVA) and Tukey's post-hoc test were performed. ANOVA yielded significant variation among groups (F(2, 9) = 9.02, p = 0.0071). Mean + SD and p-
values from Tukey's test are indicated in the fig. C and D Donor (H108), MYBPC3\un. patients (H34, H44, H51, and H59) and a patient with AS (H69) were analyzed
for truncated fragments of cMyBP-C using an N-terminal cMyBP-C antibody, a-actinin was used as loading control on the same membrane. Exposure time was 5 s in C

and 120 s in D.
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reflect an increased B-tubulin expression in non-myocytes, e.g. due
remodeling in addition to the reduction of cMyBP-C in cardiomyocytes
[57]. This assumption could also explain the large scatter in
cMyBP-C/B-tubulin expression in AS-patients.

In addition, western blot analysis showed no evidence for cMyBP-C
fragments in the MYBPC3yne patients (Fig. 1C). After long (120 s)
exposure additional bands appeared, however these were also present in
control samples from donor or AS-patients (Fig. 1D). This is in line with
previous findings for patients H36, H45, and H84 where we also did not
detect truncated fragments [40]. Therefore, we confirmed hap-
loinsufficiency in our cohort of MYBPC3y patients and in addition
showed that relative cMyBP-C levels are donor-like in the AS-patients.

3.2. Increased transcriptional activity does not compensate for reduction
of MYBPC3-mRNA expression

Reduction of cMyBP-C could either be caused by reduced transcrip-
tional activity of MYBPC3 or by increased degradation of MYBPC3-
mRNA and/or cMyBP-C protein. To test if the transcriptional activity of
MYBPC3 was altered in MYBPC3ync patients, we used RNA-FISH. Probe
sets against intronic and exonic RNA of MYBPC3 and TNNI3 were hy-
bridized to cryosections of donors, MYBPC3iync, and AS-patients. Active
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transcription sites (aTS) were identified by co-localization of signals for
intronic and exonic RNA in CM nuclei (Supplement Fig. 2). The number
of aTS was counted per CM-nucleus and the average value of MYBPC3 or
TNNI3 aTS/nucleus was calculated per analyzed individual. In
MYBPC3une patients, aTS/nucleus were significantly increased for
MYBPC3 (Fig. 2A) and for TNNI3 (Fig. 2B) as compared to donors.
However, also in AS-patients transcriptional activity of both genes was
increased, even though the difference was not significant. In summary,
increased MYBPC3 transcriptional activity could not explain reduced
cMyBP-C levels in the MYBPC3ync patients. Therefore, we examined if
the reduction of cMyBP-C was caused by increased degradation of
MYBPC3-mRNA. We analyzed mRNA levels of MYBPC3 relative to
TNNI3 to detect potential changes of sarcomeric RNA stoichiometry. We
extracted mRNA from cardiac tissue of all patients and donors and
performed a multiplexed RT-qPCR with specific probes against MYBPC3
and TNNI3. Ratios of MYBPC3 to TNNI3 were calculated and normalized
to mean ratios of all donors. On average MYBPC3,,, patients showed a
significant reduction of MYBPC3-mRNA relative to TNNI3. In AS-
patients, the mean MYBPC3/TNNI3-mRNA ratio was not significantly
reduced compared to the donor samples (Fig. 2C).

The number of MYBPC3-aTS/nucleus correlated negatively with
MYBPC3/TNNI3-mRNA ratio over all analyzed individuals and showed
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Fig. 2. Relative MYBPC3-mRNA expression and transcriptional activity.

Transcriptional activity of MYBPC3 A and TNNI3 B was quantified using RNA-FISH in cryosections from donors, MYBPC3un. and AS-patients. The mean number of
aTS/nucleus was calculated and plotted for each individual. MYBPC3 aTS/nucleus for patients H36, H45 and H84 in A were derived from previously published data
in [40]. ANOVA and Tukey's post-hoc test were performed. ANOVA yielded significant variation among groups A [F(2, 13) = 5.436, p = 0.0192] and B [F(2, 13) =
4.394, p = 0.0349]. Mean + SD and p-values from Dunnett's test are indicated in the fig. C MYBPC3-mRNA was quantified in extracted RNA from donors,
MYBPC3,n and AS-patients relative to TNNI3. The fold change was calculated using the AACt-method with the mean of the donors as normalization. ANOVA and
Tukey's post-hoc test were performed. ANOVA yielded significant variation among groups [F(2, 14) = 18.65, p = 0.0001]. Mean =+ SD and p-values from Dunnett's test
are indicated in the fig. D Correlation of MYBPC3-aTS/nucleus to MYBPC3/TNNI3-mRNA ratios as fold change per analyzed individual. Linear correlation was tested
using Pearson correlation coefficient (r = —0.5552, n = 16, p = 0.0256). E Correlation of MYBPC3/TNNI3-mRNA ratios to cMyBP-C/a-actinin protein ratios per
analyzed individual. Linear correlation was tested using Pearson correlation coefficient (r = 0.6694, n = 16, p = 0.0046). F Fraction of mutant mRNA reads as
analyzed by RNA-sequencing for MYBPC3un. patients. Mutations of patients H36, H45, and H84 cause splice site alterations. Here, fractions were calculated as reads
of alternatively spliced mRNAs with the mutation per mean read counts of neighboring exons. For mutations H44, H51, and H59, which encode for a stop codon or
deletions, read counts of mutant mRNA and read counts of wildtype mRNA were used for calculation of the respective fractions. Depicted are the fractions of mutant
from total MYBPC3-mRNA as red bar from total MYBPC3-mRNA (100%, indicated by white stacked bars). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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a trend to negative correlation among MYBPC3y. patients (Fig. 2D), amount of MYBPC3-mRNA.
potentially indicating a feedback mechanism to compensate for low
MYBPC3-mRNA levels. However, this finding underlines that changes in
transcriptional activity cannot underlie haploinsufficiency. On the
contrary, MYBPC3-mRNA levels correlated positively and significantly
with the amount of cMyBP-C protein in all individuals (Fig. 2E).
Therefore, reduced levels of cMyBP-C presumably occur due to a lower

3.3. NMD-pathway is enriched in MYBPC3 . patients

The observed reduction of MYBPC3-mRNA in the MYBPC3ync pa-
tients could be explained by degradation of mutated MYBPC3-mRNA
containing PTCs by NMD. An increased demand on NMD might result in
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Fig. 3. Upregulation of NMD-pathway and UPF3B.

RNA isolated from donors, MYBPC3,.n. and AS-patients was used for RNA-sequencing. Primary analysis was carried out using the Galaxy implemented tool DESeq2.
PCA was performed and is shown here for comparison of MYBPC3 . patients to donors A and to AS-patients C. B GSEA of the RNA-sequencing data presented five
significantly increased gene sets with an FDR <10%. D Volcano plot showing the differential transcript usage (via IsoformSwitchAnalyzeR) in the RNA-sequencing
data from MYBPC3,n. patients vs. donors. Isoforms containing GENCODE (release 33) annotated PTC (red TRUE), regular termination codons (blue, FALSE), or
having no annotated open reading frame (gray, NA) are indicated. The change in isoform fraction (dIF) is plotted against the -log10 adjusted p-value E Density plot
showing the distribution of filtered isoforms against the dIF calculated by IsoformSwitchAnalyzeR. F UPF3B-mRNA was quantified by RT-qPCR in extracted RNA
from donors, MYBPC3\n. and AS-patients relative to GAPDH. Fold change was calculated using the AACt-method with the mean of donors as normalization. ANOVA
yielded significant variation among groups showing a significant increase of UPF3B/GAPDH in the MYBPC3unc patient group compared to both, donors and AS-
patients (F(2, 11) = 18.05, p = 0.0003). G Representative western blot showing expression of UPF3B and a-actinin as loading control. Donors (H88, H89, H103;
H108, H113) were compared to MYBPC3,un. (H34, H36, H44, H45, H51, H59, H84) and AS-patients (H69, H125, H126, H130). Both proteins were analyzed on the
same membrane, which was cut for incubation with the respective antibody. H UPF3B protein was quantified relative to a-actinin via western blot. At least four
independent western blots were analyzed and the mean for each individual is plotted as a triangle. ANOVA did not yield significance for the increase of UPF3B/
a-actinin in the MYBPC3unc patient group compared to donors and AS-patients most likely due to high inter-individual variability (F(2, 13) = 1.857, p = 0.1953).
Mean + SD and p-values from Tukey's post-hoc test are indicated in the figure. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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an increased expression of NMD-components. To identify possible
expression changes of NMD-pathway genes, we performed RNA-
sequencing on patients with MYBPC3,, mutations, AS-patients, and
donors. The sequencing data were analyzed using the DESeq2 as Galaxy
implemented tool as described in the methods section and resulted in
2208 significantly differentially expressed genes. Among them, the
mean MYBPC3-mRNA feature counts of MYBPC3u,. patients were
significantly reduced (p = 0.0385; mean + SD: 50,880 + 19,696) in
comparison to donor and AS-patients groups combined (mean + SD:
82,563 + 15,016). Thereby, we could confirm reduction of MYBPC3-
mRNA in the MYBPC3y patients. Analysis of read counts for each
allele as detected by RNA-sequencing revealed only low read counts of
mutant transcripts in HCM-patients (H36: 21 reads; H44: 92 reads; H45:
5 reads; H51: 50 reads; H84: 111 reads) or even none at all (H59). We
used these data to calculate fractions of mutant per total MYBPC3-mRNA
which were derived from read counts of surrounding exons. We detected
allelic imbalance for each patient with substantially reduced mutant
transcripts below 10% for most patients, only patient H84 showed a
slightly higher mutant transcript fraction of 25%. Fractions of mutant
and wildtype mRNA for each patient are presented in Fig. 2F.

Principal component analysis (PCA) of MYBPC3yn patients vs.
donors revealed a clear separation of donors from MYBPC3. patients
into two distinct groups along PC1 with 40% of the overall variance in
the data set (Fig. 3A). To reveal potentially altered gene expression
pathways in MYBPC3y, patients, a GSEA was performed using the
reactome gene set database. Three gene sets were significantly enriched
with a false discovery rate (FDR) <10%, containing pathways involved
in metabolism of proteins (Eukaryotic Translation Elongation), meta-
bolism of RNA (Nonsense Mediated Decay NMD), and cellular responses
to stimuli (Response of EIF2AK4 GCN2 to Amino Acid Deficiency
(Fig. 3B).

Interestingly, the highest variance in the data set when comparing
between AS-patients and donors did not separate these two groups along
PC1 and PC2, however the samples separated in two mixed groups from
both, AS-patients and donors (Fig. 3C). This separation is most probably
due to the sex of the analyzed individuals since all individuals from the
left group are female and the right group only consists of male in-
dividuals (Supplement Table 1). Only one female MYBPC3un. patient
(H45) did not group with any of the other samples, for unknown reasons.
Interestingly, this patient grouped with the other patients in the PCA
MYBPC3yync vs. donors, underlining the disease dominated separation
in this comparison. Comparison of the MYBPC3y patients vs. the AS-
patients by GSEA did only yield 45 significant differentially expressed
genes and thereby no significantly enriched gene sets in GSEA.

It has been hypothesized that an increased overall demand on NMD
in MYBPC3ync patients may act as an underlying mechanism for HCM-
development [16,37]. This would lead to increased amounts of PTC-
containing transcripts, which would indicate disturbed or exhausted
NMD. We used the R package IsoformSwitchAnalyzeR [43] to investi-
gate the isoform fraction in the MYBPC3n. patients compared to do-
nors. Exhausted NMD would be indicated by a change in isoform
fraction (dIF) with PTC-containing transcripts (PTC TRUE, red dots)
being upregulated (top right quadrant of the volcano plot, Fig. 3D) and
the respective transcripts with regular termination codons (PTC FALSE,
blue) being downregulated (top left quadrant of the volcano plot,
Fig. 3D). The extent of up- or downregulated transcripts with or without
PTC is further visualized by the density plot (Fig. 3E), which would be
expected to show a higher peak for PTC-containing transcripts with
positive dIF values than for transcripts with regular termination codons.
An increase of PTC-containing transcripts would indicate a disturbed
NMD. However, we did not find an increase of such transcripts in the
MYBPC3unc patients in comparison to the donors (Fig. 3D and E).

3.4. NMD-component UPF3B is upregulated in MYBPC3y,n. patients

GSEA of MYBPC3ync patients vs. donors showed enrichment of the
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NMD gene set but also enrichment of other pathways involved in protein
metabolism in the MYBPC3ync patients compared to donors. Actually,
the NMD gene set contains a total of 116 genes of which 88 overlap with
the gene set of overlapping genes being ribosomal proteins. We therefore
calculated the strength of regulation in MYBPC3, and in AS-patients
of those genes that are specfic for the NMD gene set. We used the “rank
metric score” calculated by the GSEA, which incorporates the strength of
regulation between two analyzed groups (Supplement Table 3). When
we compared our analysis of MYBPC3ync patients vs. donors to the
analysis of AS-patients vs. donors, we calculated a factor of 1.7 fold
increase for the NMD-specific genes. This indicates enhanced expression
of specific NMD-regulators, which could be due to the need for perma-
nent degradation of mutated MYBPC3-mRNA which is absent in AS-
patients.

Among the regulated NMD-specific genes, we identified UPF3B to be
significantly (p = 0.0010) upregulated in MYBPC3yn. patients. To
confirm upregulation of UPF3B, a multiplexed RT-qPCR assay was used
to analyze the UPF3B-expression relative to GAPDH. The fold change of
the UPF3B/GAPDH ratio showed a significant increase in MYBPC3yync
patients. In comparison, AS-patients showed an only modest and not
significant change in UPF3B-expression (Fig. 3F). When analyzing
UPF3B abundance at protein level we found an increased UPF3B/
a-actinin ratio in the MYBPC3n patients but not in AS-patients
compared to donors (Fig. 3G and H). The increase in UPF3B protein
was less pronounced as compared to mRNA level. This is presumably
due to the normalization the sarcomeric protein a-actinin, which is also
expressed at higher levels due to hypertrophy. In addition, we experi-
enced a high inter-individual variability in the MYBPC3ync patient
group, thus the increase was not statistically significant. RNA-
sequencing and western blot analysis of the two other major human
isoforms of UP-frameshift proteins, UPF1 and UPF2 showed no signifi-
cant upregulation in MYBPC3yc patients, however, a downregulation
on protein level in AS-patients (Supplement Fig. 3). Thus, we assume
that UPF3B upregulation is a specific mechanism in MYBPC3ync
patients.

3.5. Accumulation of UPF3B at the Z-disc in HCM-patient and donor
cardiac tissue

Our results indicate that increased expression of UPF3B could play a
specific role in MYBPC3-NMD. Since it has been reported previously,
that sarcomeric proteins are translated directly at the sarcomeres [44],
localization of NMD-components in sarcomeres could be relevant for
efficient MYBPC3ync mRNA degradation. Therefore, we visualized
UPF1, UPF2, and UPF3B localization in cardiac tissue cryosections from
three donors (H89, H108, and H113; Fig. 4A, B) and two patients (H45
and H84; Fig. 4C and D) by immunofluorescence in direct co-staining
with a-actinin and DAPIL. UPF1 showed strong accumulation in nuclei
and a cytoplasmic stain with some indication of striations (Fig. 4A,
upper panels). UPF2-fluorescence was essentially not detected in nuclei
but showed a clearly distinguishable striated pattern (Fig. 4A middle
panels). Interestingly, UPF3B immunofluorescence staining presented
distinct dots, which also formed a clear striated pattern (Fig. 4A, lower
panels). Only minor localization in nuclei was observed. Line profiles of
UPF1, 2, and 3B fluorescence signals in comparison to a-actinin allowed
to identify their position relative to the Z-disc (Fig. 4B). UPF1 and 2
showed striated patterns which opposed a-actinin, indicating localiza-
tion in the A-band/H-zone. UPF3B showed a different pattern than the
other two NMD-proteins. It showed overlapping peaks with a-actinin of
around 1.8-2.0 pm distance between each peak which supports locali-
zation of UPF3B at the Z-discs (Fig. 4B, right panel). No substantial
difference in UPF-localization between patient and donor cardiac tissue
was found (compare Fig. 4A and B to C and D).
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Left ventricular tissue cryosections (5 pm) from donor and MYBPC3yn patient H84 were immunofluorescently co-stained with antibodies against UPF1, UPF2 or
UPF3B each together with a-actinin. Images were taken by confocal laser scanning microscopy. A Donor cardiac tissue cryosections. Left images show a merge of
either UPF1, UPF2 or UPF3B (magenta) with DAPI (blue), middle images a merge of a-actinin (cyan) and DAPI and right images a merge of all analyzed fluorescence.
B Line profiles for UPF1, UPF2, UPF3B and a-actinin fluorescence from white boxes indicated in A. C Cardiac tissue cryosections from MYBPC3,., patient H84.
Images are arranged as described in A. D Line profiles for UPF1, UPF2, UPF3B and a-actinin fluorescence from white boxes indicated in C. Scale bars in all images
represent 10 pm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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4. Discussion

Truncation mutations are the most common HCM-causing mutations
in MYBPC3 [3]. However, it is not completely understood how disease
development is induced by heterozygous MYBPC3 truncation mutations.
In many cases, these truncation mutations lead to cMyBP-C hap-
loinsufficiency [6-8,11]. In the literature there is consensus that cMyBP-
C haploinsufficiency is established either by degradation of mutant
mRNA via the nonsense mediated mRNA decay pathway [7,34,45,46] or
by rapid degradation of truncated cMyBP-C fragments via the ubiquitin
proteasome system [12,13]. However, experimental evidence for the
involvement of NMD in degradation of mutated MYBPC3-mRNA is
limited to a study in cMyBP-C knock-in mice [16] and a recent study in
iPSC-CMs with MYBPC3 PTC-mutations [47] but has not been shown in
human myocardial samples. In this study, we analyzed MYBPC3-
expression from transcription to protein level in MYBPC3iyync patients in
comparison to heart-healthy donor samples and patients, which devel-
oped left ventricular hypertrophy without sarcomeric mutation but due
to outflow obstruction caused by aortic stenosis (AS). We used samples
of these patients to discriminate between alterations due to hypertrophy
and alterations caused by MYBPC3 truncation mutations. We found that
c¢MyBP-C haploinsufficiency in MYBPC3ync patients most likely results
from the degradation of mutant MYBPC3-mRNA by NMD. We provide
evidence for upregulation of NMD-associated factor UPF3B in
MYBPC3unc patients. Therefore, UPF3B could be involved in NMD of
mutant MYBPC3-mRNA.

We chose a patient cohort of MYBPC3yne patients with different
truncation mutations for our study and found a significant reduction of
cMyBP-C in all MYBPC3ync patients compared to donors and to AS-
patients. We show reduced cMyBP-C in MYBPC3ync patients in rela-
tion to two different sarcomeric proteins, a-actinin as a protein of the Z-
disc and cTnl as a protein of the thin filament, indicating disturbance of
the strictly regulated sarcomeric stoichiometry (reviewed in [42]). In
addition, we detected no truncated cMyBP-C fragments in the analyzed
MYBPC3unc patients in this and a previous study [40]. Thus, all patients
in our study displayed haploinsufficiency, even though to a different
extent ranging from 59% to 80% cMyBP-C content as compared to
donors.

Reduction in cMyBP-C could be caused at different stages of protein
biosynthesis. Thus, we examined transcriptional activity of the
MYBPC3-gene, and MYBPC3-transcript levels in comparison to the
protein level. We found an average increase of transcriptional activity
for MYBPC3 and TNNI3 in MYBPC3 patients compared to donor
samples. This could imply a compensatory effect at transcriptional level
as reaction to reduced amounts of MYBPC3-mRNA and/or cMyBP-C
protein. However, AS-patients also showed a comparable increase in
transcriptional activity for both sarcomeric genes. This indicates that the
overall increase in transcriptional activity is most likely due to a higher
demand of sarcomeric proteins caused by hypertrophic growth of the
hearts, and that it is no sole effect in MYBPC3pc patients. In line with
this assumption, the increased transcriptional activity did not restore
MYBPC3-mRNA levels in HCM-patients. Conversely, qPCR quantifica-
tion and RNA-sequencing analysis showed a significant decrease of
MYBPC3-mRNA in HCM- but not in AS-patients. These results are in line
with other groups reporting a decrease of MYBPC3-mRNA in MYBPC3-
trunc Patients and iPSC-CMs with MYBPC3 truncation mutations [8,48].
MYBPC3-reduction is presumably driven by decline of mutant mRNA, as
shown by substantially decreased fractions of mutant mRNA in all pa-
tients. Most patients showed fractions below 10% and extremely low
read numbers. Our finding that the relative level of MYBPC3-mRNA in
each patient did not correlate with transcriptional activity but with
cMyBP-C protein levels supports this conclusion. Thus, at least in the
analyzed patients, haploinsufficiency is most likely already established
at the mRNA level, presumably by degradation of mutant MYBPC3-
mRNA due to efficient NMD. We additionally suppose, that it is not
significantly regulated by the ubiquitin proteasome system (UPS).
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Involvement of UPS has been deduced from the finding that patients
showed mutant transcripts but no detectable levels of truncated protein
[6,7,9,10] and that inhibition of UPS leads to increased occurrence of
mutated proteins [13]. In addition, dysfunction of the UPS was shown in
different mouse models and cell culture models of cMyBP-C truncations,
resulting in the assumption that the UPS is saturated by chronic degra-
dation of truncated proteins [49,50]. However, we did neither detect
substantial levels of mutant mRNA nor indications for differential
regulation of the UPS-pathway in HCM-patients in the RNA-sequencing.

One exception was patient H84, where we detected 25% of mutant
transcript. Interestingly, we also detected comparably high read counts
of wildtype transcripts for this intron (37 reads) and also donors and
other patients showed read counts ranging from 50 to 179 reads for this
intron, which corresponds to 9-17% of total MYBPC3-mRNA which was
not properly spliced at this intron. This suggests that the intron bears a
rather weak splice site. However, the remaining intron will cause a PTC
irrespective of the mutation, which seems to be ineffectively targeted by
NMD. Therefore, the lack of truncated protein in both, donors and pa-
tients, could be regulated by the UPS, however, not dependent on the
truncation mutation.

A possible reason for ineffective NMD at this position could be the
rather long distance between PTC and the downstream EJC of 252 bp
(Supplement Table 4). We examined whether the experienced variable
degrees of MYBPC3 and cMyBP-C reduction in the MYBPC3ync-patients
might be due to different mechanisms of NMD-activation, which can be
regulated by the closeness of the PTC to the poly(A) tail competing also
with the EJC-dependent NMD [51,52]. However, we did not detect
direct association of distance between PTC and downstream EJC with
level of reduction in MYBPC3-mRNA, cMyBP-C protein or with fraction
or read counts of mutant mRNA (Supplement Table 4). This suggests that
mutated mRNAs of all analyzed MYBPC3ync-patients are degraded by
the same NMD-pathway.

Seeger et al. previously reported an upregulation of the NMD-
pathway in iPSC-CMs with ¢cMyBP-C mutation p.R943x compared to
isogenic control [37]. Furthermore, NMD-inhibition has been shown to
increase the amount of MYBPC3 nonsense transcripts and truncated
c¢MyBP-C in iPSC-CMs and in mice with MYBPC3 truncation mutations
[16,47]. A constant demand on the NMD in patients with MYBPC3
truncation mutation may result in upregulation of NMD-components. In
addition, an increase in gene expression due to hypertrophic growth
could increase NMD-demand regardless of PTC-containing MYBPC3-
mRNAs. RNA-sequencing and GSEA revealed enrichment of the NMD-
pathway in MYBPC3yn. patients compared to donors and NMD-
specific genes are also upregulated in MYBPC3yn. patients in compar-
ison to AS-patients. This suggests that upregulation of NMD-genes is not
caused by hypertrophic growth per se but more likely due to degradation
of PTC-containing MYBPC3-mRNAs via the NMD-pathway. However,
dysregulated NMD-protein composition as well as a high demand on the
NMD due to mutated MYBPC3-transcripts could still impact NMD-
function and lead to accumulation of other PTC-containing transcripts
from splice variants and finally truncated proteins [53]. Analyzing our
RNA-sequencing data with the IsoformSwitchAnalyzeR tool did not
reveal an increase of PTC-containing transcripts in the MYBPC3ync
patients compared to donors. This indicates that NMD is not exhausted
in MYBPC3ync patients and efficiently degrades PTC-containing tran-
scripts including mutated MYBPC3-mRNA. Among the regulated NMD-
specific genes, we identified the regulator of nonsense mediated decay
Up-frameshift protein 3B (UPF3B, UPF3B) to be upregulated in
MYBPC3runc patients on mRNA and protein level when compared to
donors and AS-patients. In contrast, UPF1 and UPF2 were not regulated
in MYBPC3rync patients.

Lewis and colleagues showed that several sarcomeric transcripts are
transported to the Z-disc of the sarcomeres for translation [44]. Since
mutant MYBPC3-mRNA seems to be targeted by NMD in MYBPC3ync
patients, degradation of the mutated transcripts could take place at the
Z-discs as NMD depends on a first round of translation. This would
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require localization of NMD-components at the sarcomeres, either
associated to mRNA or to the Z-disc itself. Inmunofluorescent staining
of UPF3B revealed accumulation of UPF3B at the Z-discs. It has been
shown that UPF3B shuttles between the nucleus and the cytoplasm
[54,55] and that UPF3B-associated mRNA degradation is triggered in
the cytoplasm [56]. In line with this, we detected some UPF3B within
nuclei and in the cytoplasm not localized at the Z-discs, even though the
majority seems to be located at the Z-discs. Based on the assumption that
MYBPC3-mRNA is translated at the Z-disc, we hypothesize that PTC-
containing mRNAs could be degraded via NMD in a UPF3B-dependent
manner. Wildtype cMyBP-C in contrast would be translated at the Z-
disc and subsequently transported to the A-band for incorporation into
the sarcomere.

In contrast, UPF1 was localized in high levels in the nuclei, which
presumably represents chromatin-bound UPF1 [19]. In addition, we
detected UPF1-signals in the cytoplasm. In some areas, we detected a
slight accumulation in the A-band. However, also areas without distinct
striation pattern were found. As expected, UPF2 was found not found in
nuclei. It accumulated in the A-band region and did not co-localize with
the Z-discs.

The distinct localization of the UPF-proteins in CMs may be due to
their different roles in PTC-transcript degradation. Localization of
UPF3B at the Z-discs, the presumed place of sarcomere protein trans-
lation, could suggest a specific role in sarcomeric protein quality control.
Interestingly, localization of UPFs was comparable in patients and do-
nors suggesting that NMD uses the same pathways in donors and
MYBPC3unc patients. Since immunofluorescence analysis is not quan-
titative, we could not assess potential changes in UPF3B expression at
the Z-discs. However, we can rule out that HCM leads to significantly
altered localization of UPF-proteins. The increased UPF3B-protein
expression determined by western blot could hint to higher levels of
UPF3B at the Z-discs of HCM-patients.

5. Conclusions

The aim of our study was the identification of mechanisms that could
underlie haploinsufficiency development in HCM-patients with
MYBPC3une mutations. Our results indicate that NMD, not UPS, is the
major pathway which leads to mutant MYBPC3-mRNA degradation and
thus reduction in total cMyBP-C protein. Since most studies on NMD-
involvement in HCM have been performed in mouse or cell culture
models so far, our results from human cardiac tissue provide valuable
insights into the pathology in humans. Furthermore, our study associ-
ates upregulation of NMD-associated factor UPF3B with hap-
loinsufficiency in MYBPC3ync patients and shows its localization at the
Z-discs, the presumed site of sarcomeric protein translation. UPF3B
could thus provide a novel target for investigations on cMyBP-C hap-
loinsufficiency aiming at new therapeutic approaches that specifically
influence NMD-functionality in HCM-patients.
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