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BBLN triggers CAMK2D pathologyin
mice under cardiac pressure overload
and potentially inunrepaired hearts with
tetralogy of Fallot
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Tetralogy of Fallot (TOF) is one of the most prevalent congenital heart
defects, with adverse cardiac remodeling and long-term cardiac
complications. Here, searching for pathomechanisms, we find upregulated
bublin coiled-coil protein (BBLN) in heart specimens of TOF patients with
cyanosis, which positively correlates with cardiac remodeling pathways.
Human BBLN, a protein with largely unknown function, promoted heart
failure features, with increased mortality when overexpressed in mice, ina
protein dosage-dependent manner. BBLN enhanced cardiac inflammation,
fibrosis and necroptosis by calcium/calmodulin-dependent protein kinase Il
delta (CAMK2D) activation, whereas a BBLN mutant with impaired CAMK2D
binding was inert. Downregulation of CAMK2D by aninterfering RNA
retarded BBLN-induced symptoms of heart failure. Endogenous BBLN was
induced by hypoxia as amajor TOF feature in human patients and by chronic
pressure overload in mice, and its downregulation decreased CAMK2D
hyperactivity, necroptosis and cardiovascular dysfunction. Thus, BBLN
promotes CAMK2D-induced pathways to pathological cardiac remodeling,
which are triggered by hypoxiain TOF.

% Check for updates

Itis estimated that over 7,000 rare diseases affect about 300 million
people worldwide'. By definition, arare disease affects fewer than Sout
0f 10,000 people, and so far, the causes of most rare diseases are not
understood’. On the basis of many successful examples, the elucida-
tion of rare diseases is not only relevant for the few directly affected
patients but also supports precision medicine approaches for patients
with similar common pathologies®*. With a worldwide prevalence of
3-4 cases per 10,000 live births, tetralogy of Fallot (TOF) is also arare
disease.Inaddition, TOF isamong the most prevalent congenital heart
defects and the most frequent congenital cyanotic heart defect* .

Itis characterized by four major cardiac abnormalities, which consist
ofaventricular septal defect, an overriding aorticroot, aninfundibular
stenosis of the pulmonary artery and aright ventricular hypertrophy*-°.
Heart defects of TOF cause impaired oxygen delivery totheinfantand,
depending on severity, culminate in cyanosis* . Treatment of TOF
relies onsurgery to correct cardiac defects’. Despite greatly improved
surgical procedures ininfancy and early childhood, long-term compli-
cations of corrected TOF remain a major problem’°, Besides coronary
artery disease, long-term cardiac complications of TOF include cardiac
hypertrophy and cardiac remodeling, which predispose to anincreased
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Fig.1|Identification of the CAMK2D-interacting protein BBLN in cardiac
specimens of TOF patients. a, Identification of BBLN in TOF patient heart
specimens by nano-LC-ESI-MS/MS analysis of CAMK2D-co-enriched proteins
inthe 8-14 kDa range. b, AP of CAMK2D from cardiac specimens of TOF patients
(AP: CAMK2D) followed by IB detection of enriched CAMK2D (IB: CAMK2D)
and co-enriched BBLN (IB: BBLN). The control immunoaffinity matrix (AP: con)
did not enrich CAMK2D nor BBLN. The experiment was repeated three times
with similar results. ¢, Characteristics of TOF patients who were included in the
study for theimmunohistological determination of cardiac BBLN. Age between
acyanotic and cyanotic TOF patients was comparable while oxygen saturation
(sat.) was significantly different. d, Inmunohistological detection of BBLN on

Acyanotic Cyanotic

TOF patient heart specimens
Cyanotic (oxygen sat. <91.0%) BBLN/HE
|

— 29

cardiac specimens of TOF patients without (left) and with cyanosis (right).
Scale bar, 40 pm. Immunohistological detection of BBLN was performed
onspecimens of 16 acyanotic TOF patients and 16 cyanotic TOF patients
(cf.fand g). e-g, Inmunohistological determination of BBLN on cardiac
specimens of 16 acyanotic TOF patients'"® and 16 cyanotic TOF patients" %
Counterstaining was performed with hematoxylin (HE). Quantitative BBLN
data (e) and immunohistological images of cardiac specimens from acyanotic
TOF patients (f) and cyanotic TOF patients (g) are shown. Scale bar, 2 mm.
Data are mean *s.d. (n =16 patients per group; unpaired, two-tailed ¢-test;
d.f.30; ¢, t=2.010and 7.820, P= 0.05354 and 9.99913 x 10%; e, t=7.811and
P=1.02375x10"%).

risk of cardiac death due to arrhythmias and heart failure” . Refine- because the pathomechanisms underlying the cardiac remodeling

ment of surgical correction methods for TOF improved the survivalin
the short term but the elevated cardiovascular long-term risk of TOF
patients did not change over the past decades’ °. Besides surgery,
specific treatment options for TOF patients are not available, mostly

process triggered by TOF are unknown”°,

Previous studies have found that calcium/calmodulin-dependent

proteinkinase Il delta (CAMK2D) levels were upregulated in obstructed
right ventricular specimens of TOF infants compared with those with a
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ventricular septal defect, and CAMK2D is a major pathological factor
of cardiac remodeling and heart failure'* ™,

Inthis Article, to identify pathomechanisms triggered by TOF, we
searched for CAMK2D-interacting proteins in cardiac specimens of
TOF patients undergoing surgical correction of the right ventricular
outflow tract (RVOT) obstruction.

We identified bublin coiled-coil protein (BBLN) as a CAMK2D-
interacting protein thatis upregulated in TOF cyanotic patients com-
pared with noncyanotic ones. Given the largely unknown function
of BBLN, we generated two transgenic mouse models overexpress-
ing the gene 25 or 50 times more than wild-type mice, and found
that BBLN overexpression induced cardiac dysfunction in mice in a
dose-dependent way. Downregulation of CAMK2D by an interfering
RNA retarded BBLN-induced symptoms of heart failure. We found
that endogenous BBLN was induced by chronic pressure overload in
mice, and it is probably induced by hypoxia in cyanotic TOF patients.
BBLN downregulationin mice exposedto pressure overload, decreased
CAMK2D-induced inflammation, fibrotic remodeling and necroptosis.
Overall, our study suggests BBLN as aregulator of CAMK2D activity and
a potential target to prevent adverse cardiac remodeling in different
conditions, including TOF.

BBLNis upregulated in TOF patients with
cyanosis
Immunoaffinity enrichment (AP) of CAMK2D from TOF patient heart
specimens, and nanoliquid chromatography-electrospray ioniza-
tion-tandem mass spectrometry (nano-LC-ESI-MS/MS) identification
of co-enriched proteins in the low molecular weight 8-14 kDa range,
revealed BBLN as a previously unrecognized CAMK2D-interacting
protein (Fig.1a). Immunoblot (IB) detection confirmed the identity of
the CAMK2D-interacting protein as BBLN (Fig. 1b). Immunohistologi-
cal analyses found that BBLN protein contents were increased sixfold
(range 1.9-to 11.45-fold) on cardiac biopsy specimens of TOF patients
with cyanosis compared with those of acyanotic TOF cases (Fig.1c-g).
The human BBLN gene is an early growth response 1 (EGRI)-
responsive gene with an EGRI consensus site in the promoter
region, and according to Gene Expression Omnibus (GEO) dataset
GDS2008, BBLN is induced by EGRI expression (Extended Data
Fig.1a,b). The upregulation of the human BBLN proteinin cyanotic TOF
patient hearts could thus be a direct consequence of the low oxygen
condition because EGRI is upregulated under hypoxic conditions™. In
agreement with this notion, ventricular specimens from cyanotic TOF
patients displayed significantly upregulated EGRI transcript levels
compared with acyanotic TOF cases (data from ref. 15 are shown in
Extended Data Fig. 1c). Although the human and murine BBLN amino
acid sequences have 94% identity, the murine Bbln gene lacks the

Egrl consensus site (Extended Data Fig. 1a,d) and could therefore
be upregulated by other modalities in different heart failure models
(Extended DataFig. 1e,f).

Tg-BBLN mice developed dilative cardiac
hypertrophy

Astheinvivo function of the human BBLN protein s largely unknown,
we investigated the impact of anincreased cardiac BBLN content by
generation of BBLN-transgenic (Tg-BBLN) mice. Although TOF origi-
natesintherightventricle, the BBLN-inducing hypoxiain cyanotic TOF
patients affects the whole heart, and the deoxygenated blood flows
through the right and left ventricle and the coronary blood vessels.
Therefore, BBLN was expressed under control of the alpha-myosin
heavy chain (MHC) promoter, which induces myocardium-specific
BBLN expression in the whole heart (Fig. 2a). Two different Tg-BBLN
mouse lines were generated (Tg-1and Tg-2) with 50.4 + 8.2-fold and
25.1+9.0-fold increased cardiac BBLN protein contents, respectively,
compared with those of nontransgenic Friend leukemia virus B sus-
ceptible (FVB) control mice (Fig. 2b,c), which feature the increased
BBLN contents of TOF patient hearts (cf. Fig. 1e). Immunohistologi-
cal analysis of hearts from 3-4-month-old Tg-BBLN mice confirmed
increased cardiac BBLN protein contents and showed cardiomegaly
with enlargement of right and left ventricles (Fig. 2d). Frequently,
Tg-BBLN mice (Tg-1) developed atrial myxomas (Fig. 2d), which are
also reported in some TOF cases' and could arise from multipo-
tent cardiac stem cells during unsuccessful heart repair”. However,
increased BBLN contents in cardiac specimens of TOF patients were
aconsequence and not a cause of TOF defects because Tg-BBLN mice
with heart failure had no septal defect (Fig. 2d). Concomitant with
cardiac enlargement, the increased cardiac BBLN protein content
triggered cardiac dysfunction (Fig. 2e). The cardiac phenotype of
Tg-BBLN mice was BBLN protein dosage dependent. Tg-BBLN mice with
50.4 + 8.2-fold increased cardiac BBLN protein levels (Tg-1), had an
early heart failure phenotype with a strongly reduced left ventricular
ejection fraction (EF) of 18.0 + 6.0% and an increased mortality
starting at an age of 3 months (Fig. 2e,g).

At the same age, Tg-BBLN mice with 25.1 + 9.0-fold increased car-
diac BBLNlevels (Tg-2) had asignificantly decreased left ventricular EF
0f 33.0 £ 5.8% compared with 52.3 + 4.2% of age-matched, nontrans-
genic FVB mice (Fig. 2e). The 1-year survival rate was 19.6% of male Tg-1
mice and 90.8% of male Tg-2 mice (Fig. 2g). The heart failure phenotype
with anincreased mortality was also observed in female Tg-BBLN mice
(Extended DataFig.2a,b). Echocardiographic analyses confirmed the
immunohistological assessment and showed that the heart failure
phenotype of Tg-BBLN mice was accompanied by enlargement of the
left cardiac ventricles (Fig. 2f and Extended Data Fig. 2c).

Fig.2| Tg-BBLN mice developed dilative cardiac hypertrophy with features of
TOF patient hearts. a, A scheme of the transgenic vector (Not I: Notl restriction
endonuclease from Nocardia otidiscaviarum; Sal I: Sall restriction endonuclease
from Streptomyces albus G; Hind l1I: Hindlll restriction endonuclease from
Haemophilus influenzae Rd). b,c, Quantitative IB data of cardiac BBLN

(IB: BBLN) of two different Tg-BBLN mouse lines (Tg-1and Tg-2) compared

with nontransgenic FVB mice (b). Representative IBs are shownin c. Data are
mean ts.d., n =6 male mice per group, age: 3-4 months (one-way ANOVA and
Tukey’s test; F(2,15) = 73.28 and P= 0.00004711,1.106 x 10"*and 0.00008219).

d, Immunohistological analysis of BBLN in Tg-BBLN hearts compared with

FVB controls (n = 4 male mice per group, age 3-4 months. Scale bar, 2 mm;
counterstaining with HE). e,f, The left ventricular EF (e) and the left ventricular
internal diameter in diastole (LVIDd) (f) were determined by echocardiography.
Dataare mean + s.d. (n = 6 male mice per group, age 3-4 months; one-way ANOVA
and Tukey’s test; F(2,15) = 65.62 (e) and 15.83 (f); P= 0.0003107,2.384 x 10 ®and
0.00004306 (e); P=0.01204, 0.0001435 and 0.09218 (f). g, Decreased lifespan
of male Tg-BBLN mice (n =103 mice per group; Kaplan-Meier survival analysis
withlog-rank (Mantel-Cox) test); F(2,15) =28.20 and P< 0.0001). h, Cardiac
transcript levels of BBLN, NPPB and GAPDH in TOF patients with cyanosis were

determined by microarray. Linear regression analysis was performed, and the
Pearson correlation coefficient () and P values (two tailed) were determined
(n=11TOF patients with cyanosis; P= 0.0141and 0.5490). i, NGS determination
of transcript levels of Bbln and Gapdh in right ventricular cardiac tissue of
Tg-BBLN mice compared with FVB mice. Dataare mean + s.d. (n =4 male mice
per group, age 3-4 months; unpaired, two-tailed t-test; d.f. 6, £ =193.7 and 1.055;
P=1.27855x 10" Nppb and P= 0.3321 Gapdh). j, Overrepresentation analysis

of transcripts having positive correlation with BBLNin RVOT specimens of TOF
patients with cyanosis and showing upregulation in right ventricles of Tg-BBLN
mice (red), or having negative correlation with BBLNin TOF patient hearts

and downregulationin right ventricles of Tg-BBLN mice (blue). Red indicates
apositive correlation with BBLNin TOF patients and upregulationin Tg-BBLN
mice, whereas blue indicates a negative correlation with BBLNin TOF patients
and downregulation in Tg-BBLN mice. The stable Reactome pathway identifiers
(R-HSA-xxx) of major up-regulated and down-regulated pathways are indicated.
Adjusted Pvalues (-log;,) are shown in gray (Fisher’s one-tailed test, multiple
testing correction with G:SCS algorithm of g:GOSt; P=7.57 x107™,3.23 x 102,
5.67x107%,1.19x107,6.22 x 10 ®and 9.84 x 107).
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Tg-BBLN mice reproduce features of TOF patients

Toinvestigate therelationship betweenincreased cardiac BBLN contents
and TOF-related gene expression, we performed a whole-transcriptome
analysis of RVOT specimens from TOF patients with cyanosis (Extended
DataFig.3) and right ventricular heart specimens from Tg-BBLN mice
(Extended Data Fig. 4). Next-generation sequencing (NGS) transcrip-
tome profiling of right ventricular heart tissue of Tg-BBLN mice was
validated by the detection of right ventricle-specific transcript changes
in comparison with left ventricular tissue (Extended Data Fig. 4).

Whole-transcriptome analysis found that about 60% of transcripts,
which positively correlated with BBLN levels in TOF patient heart speci-
mens with cyanosis (874 transcripts), also showed upregulation in
the right ventricles of Tg-BBLN mice (Supplementary Dataset 1). The
positive correlation of atranscript with cardiac BBLN transcript levels
in TOF patient heart specimens is exemplified for the heart failure and
myocardialischemiamarker, natriuretic peptide type b (VPPB) (Fig. 2h),
which couldbeinducedin TOF patients with cyanosis by the low oxygen
condition'™", As in TOF patient heart specimens with cyanosis,
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Fig.3|BBLN triggered heart failure-enhancing transcripts of theimmune
system pathway inright ventricular TOF patient heart specimens and

right ventricles of Tg-BBLN mice. a, Overrepresentation analysis identified
theimmune system pathway (orange) as the predominant pathway with 143
transcripts having positive correlation with BBLNin RVOT specimens of TOF
patients with cyanosis and upregulationin right ventricles of Tg-BBLN mice.

b, Among the 143 BBLN-induced (Tg-BBLN mice) and BBLN positively correlated
(TOF patients) transcripts in the immune system pathway, 34 transcripts have
documented involvement in heart failure pathology (red).

¢, The heat map shows right and left ventricular NGS data of these heart
failure-enhancing transcripts in Tg-BBLN and nontransgenic FVB mice. There
was a predominant upregulation of heart failure-enhancing transcripts

inright ventricular tissue of Tg-BBLN mice (Tg-1) compared with the left
ventricular tissue. All transcript levels are significantly different between right
ventricles of Tg-BBLN mice and right ventricles of nontransgenic FVB mice
(P=0.002979 Capnl, P=0.04434 Akt3,P=8.308 x 102 Enah, P=2.803 x10°®
Gsn,P=8.21x107° Cd44,P=9.194 x 108 Cst3,P=6.21x 10" Ctsk, P= 0.00002662
Ptafr,P=1.004 x107 Tax1bpl, P=8.937 x10°° Tnfrsfla, P= 4113 x 107

Ube3a, P=0.00004165 ll4ra, P=6.08 x 10™° Ncam1, P=3.578 x 107 Adam10,
P=4.803 x10 2 Rhoa, P=8.234 x 10~ Mif, P=3.537 x 10 Cand1, P=1.957 x 10
Collal, P=0.000001511 Map3k3, P=0.0002117 Adami17, P= 0.01257 Ppp2rSe,
P=6.772x10"2Mmp14,P=2.345 x 102 Clu, P=4.519 x 10 Trim35, P= 0.02955
Tnfrsfl1b, P= 0.00002365 Pdgfb, P=1.232 x 10 Tnfrsfl2a, P=2.842 x 107
Cdknla,P=2.409 x10™ CsfIr, P=0.0004835 Malt1,P= 0.000002022 /(33,
P=0.000006043 Pten, P=6.462 x 107 Trim8and P=4.634 x10™° TimpI; one-way
ANOVA and Tukey’s test; n = 4 male mice per group, age 3-4 months).

Nppb was also upregulated in right ventricular heart specimens of
Tg-BBLN mice (Fig. 2i). The overrepresentation analysis of transcripts
having positive correlation with BBLNlevels in right heart specimens of

TOF patients with cyanosis and showing upregulationinright ventricles
of Tg-BBLN mice documented that BBLN triggered major biological
pathwaysinvolvedin heart remodeling (Figs. 2j and 3a and Supplemen-
tary Dataset1). These pathways included theimmune system pathway,
the extracellular matrix organization pathway and the programmed cell
death pathway with transcripts regulating apoptosis and necroptosis
(Figs. 2j and 3a and Supplementary Dataset 1).

Theimmune system pathway was the major upregulated pathway
triggered by BBLN in right TOF patient heart specimens and in right
Tg-BBLN mouse hearts (Fig. 2j and Fig. 3a,b). Of those BBLN depend-
ently upregulated cardiac transcripts of the ‘immune system’ pathway
of TOF patients and Tg-BBLN mice, 23.8% have a documented patho-
logical relevance for cardiac inflammation, cardiac remodeling and/or
heart failure (Fig. 3b,c). The transcript intensity heat map documents
the predominant upregulation of the heart failure-enhancing tran-
scriptsinright ventricles of Tg-BBLN mice compared with left cardiac
ventricles (Fig. 3¢). Thus, BBLN triggered the predominant upregula-
tion of heart failure-enhancing transcripts in the right ventricles of
Tg-BBLN mice and TOF patients.

The transcriptome analysis also found that 114 transcripts showed
negative correlation with BBLN in TOF patients with cyanosis and
downregulationinright ventricular heart specimens of Tg-BBLN mice
(Supplementary Dataset 2). The overrepresentation analysis of those
114 transcripts displaying negative correlation with BBLNin TOF patient
hearts and downregulation in Tg-BBLN mice revealed that increased
BBLN led to downregulation of major cardiac metabolism pathways,
such as the citric acid cycle and respiratory electron transport path-
way, the mitochondrial translation pathway and the branched-chain
amino acid catabolism pathway (Fig. 2j). Reduced mitochondrial res-
piratory chain activity, defective mitochondrial protein translation
and impaired branched-chain amino acid catabolism are prominent
features of patients with TOF and/or other forms of cardiomyopathy
and heart failure’® %2, Taken together, the right ventricular heart tis-
sue of transgenic Tg-BBLN mice withincreased cardiac BBLN contents
reproduced major cardiac gene expression changes and alterations of
biological pathways, which are characteristic of right ventricular TOF
patient heart specimens.

BBLN promoted CAMK2D activationinvivo
We searched for molecular mechanisms evoked by BBLN in the heart
because the function of the human BBLN proteinis largely unknown.
BBLN was identified as a CAMK2D-interacting protein in TOF patient
hearts (cf. Fig.1). Immunofluorescence detected colocalization of BBLN
with CAMK2D in areas with cardiac degeneration in Tg-BBLN heart
specimens (Fig. 4a and Supplementary Fig. 1). In addition, Tg-BBLN
mice showed increased cardiac CAMK2D activity with significantly
elevated levels of autophosphorylated phospho-T287-CAMK2D, which
were 9.2 + 0.5-fold higher in Tg-BBLN hearts than in nontransgenic
FVB controls (Fig. 4b). Of note, autophosphorylation of CAMK2D on
threonine 287 causes autonomous kinase activity in the absence of its
stimuli Ca®* and calmodulin®. In contrast, the inactivating autophos-
phorylation of CAMK2D onT307 (and its neighbor T306), which occurs
inthe absence of calcium and prevents Ca*’/calmodulin binding®, was
almostundetectable in Tg-BBLN hearts, whereas inactivating autophos-
phorylationon T307 was present in nontransgenic FVB hearts (Fig. 4b).
For comparison, total CAMK2D protein levels of Tg-BBLN hearts were
slightly but significantly (1.12-fold) above those of nontransgenic FVB
controls (Fig.4b). Likewise, cardiac transcript levels of the most abun-
dant delta-C-related Camk2d splice variant 9 in the heart'>* and of
the delta-C splice variant were slightly (1.12- and 1.32-fold) increased
inright ventricles of Tg-BBLN hearts (Extended Data Fig. 5a). Notably,
these transcripts were only increased inright ventricles but notin left
ventricles of Tg-BBLN hearts (Extended Data Fig. 5a,e).

Transcript levels of the Camk2d delta-A splice variant were low
and slightly higher in both right and left ventricles of Tg-BBLN mice
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compared with those of nontransgenic FVB mice, whereas the delta-B
splice variant was barely detectable (Extended Data Fig. 5a,e). Other
Camk2 genes (Camk2a, Camk2b and Camk2g) showed low cardiac
expression levels (Extended DataFig. 5b-d,f-h). Taken together, BBLN
increased the cardiaclevels of activated phospho-T287-CAMK2D. Con-
comitantly, CAMK2D substrate phosphorylation was also enhanced
in Tg-BBLN hearts as exemplified for the ryanodine receptor 2 (RYR2)
phosphorylation on serine 2813 (Extended Data Fig. 6a). Tg-BBLN
hearts had increased contents of serine 2813-phosphorylated RYR2
(Extended Data Fig. 6a), which could contribute to BBLN-induced
symptoms of heart failure’. Together, these experiments showed that
BBLN enhanced the CAMK2D activity in vivo, in Tg-BBLN mice.

BBLN enhanced CAMK2D activationin vitro

In vitro experiments confirmed a causal relationship between BBLN
and CAMK2D activity enhancement (Fig. 4c,d). Recombinant puri-
fied BBLN protein augmented the activating CAMK2D autophospho-
rylation on T287 in vitro (Fig. 4c and Extended Data Fig. 7a). BBLN
also enhanced the CAMK2D-mediated substrate phosphorylation as
proved with phosducin (PDC) (Fig. 4c,d), which was used as a CAMK2
substrate”. In addition, CAMK2D also phosphorylated BBLN (Fig. 4c).
The CAMK2D-enhancing effect of BBLN was linked to the presence
of Ca*"/calmodulin because without addition of Ca**/calmodulin,
the CAMK2D-enhancing effect of BBLN was abolished, and the basal
CAMK2D autophosphorylation and substrate phosphorylation were
strongly reduced (Fig. 4c,d).

Searching for the mode of interaction between BBLN and CAMK2D,
we performed sequence alignment of BBLN with the prototypical
CAMK?2-interacting peptide of glutamate ionotropic receptor NMDA
type subunit 2B (GRIN2B) residues 1,295-1,310, and with the regulatory
segment residues 275-295 of CAMK2D. The alignment showed that the
human BBLN amino acid sequence displays major features, which are
typical for CAMK2 kinase domaininteraction and which are presentin
CAMK2 substrates (Extended Data Fig. 7b). Notably, major interaction
sites of GRIN2B (residues 1,295-1,310) and of the regulatory segment
residues 275-295 with the CAMK2 kinase domain®*?° were present in
BBLN residues 55-74 (Extended Data Fig. 7b). BBLN could thus interact
with the previously identified binding site for activating substrates
in the CAMK2(D) kinase domain®®, In agreement with this notion, we
found that the interaction of BBLN with the CAMK2D kinase domain
was strongly reduced in the presence of the kinase domain-binding
peptide of GRIN2B (Extended Data Fig. 7c).

We generated different BBLN mutants to analyze the interaction of
BBLN with CAMK2D. The BBLN-SxxA mutant with removal of all phos-
phorylationsites (BBLN-S2A, Y28A,S33A,S40A,S62A, T66A,S79A and
S82A) was not phosphorylated by CAMK2D (Extended Data Fig. 7d)
and showed a strongly reduced interaction with the CAMK2D kinase

domain, as determined by co-enrichment (Extended Data Fig. 7e). For
comparison, BBLN-Mutl (BBLN-S2A, T66A,S79A and S82A) and BBLN-
Mut2 (Y28A, S33A and S40A) showed a partially reduced phospho-
rylation by CAMK2D (Extended Data Fig. 7d). However, the interaction
with the CAMK2D kinase domain was still effective and comparable to
wild-type BBLN (Extended Data Fig. 7e). This observation is in agree-
ment with other CAMK2 substrates such as GRIN2B, in which exchange
of asingle CAMK2 phosphorylation site to alanine did not disrupt the
binding to CAMK2 (ref. 30). The BBLN-SxxA mutant with impaired
interaction with the CAMK2D kinase domain also showed a strongly
reduced CAMK2D-enhancing effectin vitro, whereas BBLN-Mutl and
BBLN-Mut2 were still able to enhance CAMK2D autophosphorylation
on T287 (Extended Data Fig. 7a). Together, these in vitro data strongly
indicate that BBLN functions similarly as other CAMK2-activating sub-
strates”. BBLN does not induce the active ‘on’ state but could sustain/
enhance the activating CAMK2D autophosphorylation on T287, which
is triggered by the presence of Ca*'/calmodulin.

BBLN triggered cardiac dysfunction by CAMK2D
activation

In vivo experiments confirmed a major role of BBLN-stimulated
CAMK2D activity in the pathologic cardiac phenotype of Tg-BBLN
mice because downregulation of the CAMK2D protein by lentiviral
transduction of a Camk2d-targeting micro (mi)RNA prevented the
BBLN-induced increase in cardiac contents of autophosphorylated
phospho-T287-CAMK2D, reduced the cardiac phosphorylation of
the CAMK2D substrate RYR2 on S2813 and retarded the BBLN-induced
cardiac dysfunction (Fig. 4e,f). Likewise, the BBLN-SxxA mutant, which
wasineffectivein vitro, did notenhance CAMK2D autophosphorylation
and CAMK2D substrate phosphorylationinvivo, in transgenic Tg-BBLN~
SxxA mice (Fig. 4e). Moreover, the inactive BBLN-SxxA mutant did
not cause cardiac dysfunction and cardiac hypertrophy (Fig. 4f and
Extended DataFig. 8). Nevertheless, at present, we cannot completely
rule out that CAMK2(D)-independent effects may contribute to the
unaltered cardiac phenotype of Tg-BBLN-SxxA mice.

Similar to transgenic Tg-BBLN mouse hearts, cardiac specimens of
human TOF patients with increased BBLN contents and cyanosis also
showed increased phospho-T287-CAMK2D contents compared with
those of acyanotic TOF patients, whereas total CAMK2D protein levels
were notsignificantly different between the two groups (Extended Data
Fig.9a). Takentogether, our data strongly suggest that BBLN triggered
cardiacdysfunction and cardiac hypertrophy by CAMK2D activation.

BBLNinduced the cardiacinflammasome and
cardiac fibrosis

The CAMK2D-induced cardiac dysfunction involves proinflammatory
immune system-mediated, fibrotic cardiac remodeling™. Likewise,

Fig.4|BBLN promoted CAMK2D activationin vivo and in vitro.

a, Immunofluorescence colocalization of BBLN with CAMK2D on a heart
specimen of an 8-month-old, male Tg-BBLN mouse (scale bar, 40 pum). The
immunofluorescence colocalization was performed with heart specimens of five
different Tg-BBLN mice (Tg-1) and five different nontransgenic FVB controls. All
immunofluorescence images are shown in Supplementary Fig. 1. b, Quantitative
IB determination of cardiac contents of activated phospho-T287-CAMK2D,
inactive phospho-T307-CAMK2D, total CAMK2D and BBLN in 8-month-old,
Tg-BBLN mice (Tg-1) and age- and sex-matched nontransgenic FVB control mice.
The lower control IB detects ATP5AL. Left: IBimages and right: quantitative

IB data (mean + s.d., n = 9 mice per group, 5 males and 4 females; unpaired,
two-tailed t-test; d.f. 16, £ =32.92,8.467,2.602 and 56.01; P=3.9625 x 107",
2.63699 x107,0.01927 and 8.64361 x 10). ¢,d, In vitro data show that
recombinant BBLN protein enhanced the autophosphorylation of recombinant
CAMK2D (200 nM) and the CAMK2D-mediated substrate phosphorylation of
recombinant PDC and BBLN. Representative autoradiography images (c¢) and
quantitative data (d) of BBLN-enhanced PDC phosphorylation by CAMK2D

(50 nM) invitro, in the presence and absence (w/0) of Ca**+calmodulin (CALM)

(mean ts.d., n=3biological replicates, one-way ANOVA and Dunnett’s test;
F(9,20) =38.33; P=0.9998, 0.3728,<0.0001 and <0.0001 BBLN+Ca?*+CALM
versus Cont.+Ca?+CALM; **P = 0.0052 versus Cont.+Ca*+CALM; *P=0.0182,
0.0321,0.0113 and 0.0135 versus Cont.+Ca*+CALM). e, Quantitative IB
determination of cardiac contents of phospho-T287-CAMK2D, total CAMK2D,
phospho-S2813-RYR2 and BBLN (and BBLN-SxxA) in 8-month-old, male Tg-BBLN
mice (Tg-2), nontransgenic FVB mice and Tg-BBLN mice (Tg-2) after 4 weeks of
lentiviral transduction of miCamk2d (Tg-BBLN+miCamk2d) and Tg-BBLN-SxxA
mice. The control IB detects ATP5AL. Quantitative data (left) and IBimages
(right) (mean + s.d.; n =4 male, 8-month-old mice per group, one-way ANOVA
and Tukey’s test; F(3,12) = 111.4, 27.29, 62.58 and 52.25; upper left: P=1.914 x 107,
5.873 x107% and 3.424 x 10°5; lower left: P= 0.4303, 0.00001428 and 0.5147;
upper right: P=0.000007374, 8.287 x 10 and 0.000004093; lower right:
P=0.0001016, 0.0933 and 0.001294); f, The left ventricular EF and the LVIDd of
8-month-old, male mice were determined by echocardiography (mean +s.d.,
n=6miceper group, one-way ANOVA and Tukey’s test; F(3,20) = 54.28 and 5.562;
P=1.19%x1073.58 x1078, 6.628 x 10 8 EF; P=0.004012, 0.1793 and 0.0449 LVIDd).
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BBLN as a CAMK2D enhancer, triggered the immune system pathway, transcripts identified eight members of the canonical inflamma-
with prominent upregulation of heart failure-enhancing transcripts some complex (GO:0061702) and four additional proinflamma-
in Tg-BBLN mice and TOF patient heart specimens with cyanosis tory CAMK2D-regulated transcripts® in Tg-BBLN hearts (Fig. 5a).
(cf.Figs.2jand3).Aspecificsearchforupregulatedinflammasome-related  Concomitantly, transcripts detecting fibrotic cardiac remodeling® were
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Fig. 5| BBLN-induced upregulation of cardiac inflammasome transcripts and
cardiacfibrosis. a, Upregulated cardiac inflammasome transcripts in transgenic,
8-month-old, male Tg-BBLN mice (Tg-1) compared with age- and sex-matched,
nontransgenic FVB mice were identified by Gene Ontology (GO) analysis

of NGS transcriptome data. The heat map shows members of the canonical
inflammasome complex (GO: 0061702) and proinflammatory CAMK2D-
regulated transcripts of ref. 31. Pvalues were determined by MeV (unpaired,
two-tailed t-test, just alpha; n = 4 mice per group; d.f. 6; P= 0.005223,0.003382,
0.001927,0.000451,8.083 x107,0.00000128, 0.01809, 0.00009222, 0.002207,
4.136 x107,0.000005349 and 4.188 x 107). b, NGS data of prototypical
transcripts involved in fibrotic cardiac remodeling of 8-month-old, male Tg-BBLN
mice (Tg-1) compared with age- and sex-matched nontransgenic FVB mice.
Pvalues were determined by an unpaired, two-tailed ¢-test (n = 4 mice per group;
d.f.6;¢=70.86,47.35,40.73 and 0.7437; P= 5316 x 107°,5.946 x 10~°,1.465 x10"®
and 0.4851). ¢, Picrosirius red staining of paraffin-embedded heart sections
shows prominent fibrotic cardiac remodeling of 8-month-old, male Tg-BBLN
mice (Tg-1) compared with age- and sex-matched, nontransgenic FVB mice
(n=4mouse hearts per group; scale bar,2 mm).

increased, for example, Colla2, Col3al and the collagen-cross-linking
enzyme, lysyl oxidase-like 2, Lox(2 (Fig.5b). Together with upregulated
inflammatory and profibrotic transcripts, Tg-BBLN hearts had cardiac
fibrosis as detected by picrosirius red staining of collagen fibers (Fig. 5¢).

Upregulationofkey transcripts of cardiac fibrosis and heart remod-
eling such as Collal, Colla2, Col3al and the collagen-cross-linking
enzyme Lox[2were also detected in Tg-BBLN hearts with only afour-fold
increasein BBLN protein levels (Extended Data Fig.10a-c). Moreover,
these mice with moderately increased cardiac BBLN levels developed
features of compensated heart failure at an age of 8 months, with
a significantly reduced left ventricular EF of 40.5 £ 2.7% compared
with 53.2 + 4.5% of nontransgenic FVB mice, and showed a significant
cardiac enlargement in echocardiographic examination (Extended
Data Fig. 10a,b). Thus, moderately elevated cardiac BBLN levels
are sufficient to cause fibrotic cardiac remodeling and features of
heart failure.

BBLN enhanced CAMK2D-mediated features of
necroptosis

The transcriptome analysis also detected BBLN-dependent upregu-
lation of the programmed cell death pathway (including apoptosis
and necroptosis) in TOF patient heart specimens and Tg-BBLN mouse
hearts (cf. Fig. 2j). Among different forms of programmed cell death,
necroptosisisanimportant CAMK2D-induced pathomechanism of cell
deathintheischemicand failingheart®*. Tg-BBLN mice had increased
cardiac contents of aggregated and activated phospho-S345-mixed
lineage kinase domain-like protein (MLKL) octamers (Fig. 6a), which
are the effectors of necroptosis® . The cardiac contents of phos-
phorylated p-S345-MLKL octamers and total MLKL octamers were
positively correlated with cardiac BBLN protein levels (Fig. 6b,c).
Tg-BBLNhearts showed upregulation of the Mkl transcript together
withthe necrosome assembly protein, receptor-interacting protein
kinase1(RipkI), and the MLKL-phosphorylating Ripk3 (Fig. 6d). The
increased BBLN proteinlevel could contribute to necrosome assembly
and necroptosis by enhancement of CAMK2D kinase activity, which
is directly involved in necroptosis®. In agreement with this notion,
BBLN was colocalized with phospho-S345-MLKL in necroptotic
areas of failing Tg-BBLN hearts with cardiac tissue damage (Fig. 6e).
In addition, the BBLN-triggered induction of phospho-S345-MLKL
octamerswas retarded by RNAi-mediated downregulation of Camk2d
by lentiviral transduction of miCamk2d (Fig. 6f). As a control, the
phosphorylation-deficient, inactive BBLN-SxxA mutant did not
cause features of necroptosis (Fig. 6f). Similar to Tg-BBLN mice,
TOF patient heart specimens with BBLN upregulation also showed
higher levels activated phospho-T287-CAMK2D and phospho-S358-
MLKL octamers (Extended Data Fig. 9a,b). There was a positive cor-
relation between BBLN and phospho-T287-CAMK2D, and between
BBLN and phospho-S358-MLKL octamers in TOF patient heart
specimens (Extended Data Fig. 9¢). Together, these data show that
BBLN-enhanced CAMK2D activation promoted features of cardiac
necroptosis.

BBLN-triggered calcium overload and DES
degradation
Concomitant with necroptotic cell death, which is associated with
calcium overload®, Tg-BBLN hearts were characterized by calcium
overload, which was detected by von Kossa staining (Fig. 6g). Calcium
accumulation was accompanied by disturbance of the intracellular
calcium-handling proteins in Tg-BBLN hearts (Extended Data Fig. 6).
Notably, the cardiac RYR2 and SERCA2 (ATP2A2) contents were
downregulated at the protein and transcript level in Tg-BBLN hearts
(Extended Data Fig. 6a—-c). Likewise, in TOF patient hearts, the RYR2
and SERCA2 transcript levels were negatively correlated with BBLN
(Extended Data Fig. 6d). With these features, Tg-BBLN mouse hearts
and human heart specimens from TOF patients with cyanosis resem-
ble patients with ischemic cardiomyopathy, whose hearts also show
decreased RYR2 and SERCA2 levels®**,

Calcium enhances the degradation of the major intermediate
filament protein, desmin (DES), in heart failure***, and BBLN interacts
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with intermediate filament proteins*%. Tg-BBLN mice with signs of
heart failure and calcium accumulation also showed DES fragmen-
tation, in contrast, the DES protein was largely intact in transgenic
Tg-BBLN-SxxA mice with expression of the inactive BBLN-SxxA
mutant (Fig. 7a). BBLN-induced DES fragmentation was related to
BBLN-enhanced CAMK2D activation, because downregulation of
CAMK2D protein levels by miCamk2d retarded the BBLN-induced
DES fragmentation (Fig. 7b). Together, these data provide strong
evidence that BBLN causes features of cardiac degeneration by direct
activation of CAMK2D.

Upregulation of BBLN by chronic pressure
overloadinmice

Human BBLN is an EGRI-responsive gene, which is upregulated in
TOF patient heart specimens with cyanosis (Extended Data Fig. 1a-c
and ref. 15). However, the EGRI response element is not present in
the mouse Bbln gene (Extended Data Fig. 1a). Nevertheless, previous
studies showed that the murine and rat Bbln were triggered in differ-
ent heart failure models (Extended Data Fig. 1e,f). To clarify the role
of endogenous Bbin, we investigated the pathophysiologic profile
of endogenous Bbln upregulation in the mouse because the human
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Fig. 6| BBLN enhanced CAMK2D-mediated features of necroptosis. a, IB
determination of cardiac phospho-S345-MLKL (top) and total MLKL (bottom)
contents of 8-month-old, nontransgenic FVB and transgenic Tg-BBLN mice.
Predominant MLKL octamers as a feature of necroptosis were quantified.
MLKL octamers (O), tetramers (T) and monomers (M) are marked by arrows.
Quantitative IB data (left) and IBimages (right) (mean +s.d., n = 6 FVB mice,

3 male and 3 female, and n =12 Tg-BBLN mice (Tg-2), 6 male and 6 female;
unpaired, two-tailed ¢-test; d.f. 16, t = 4.521and 6.240; P= 0.000348 and
0.00001181). b, IB determination of cardiac BBLN contents in FVB and Tg-BBLN
mice, whichwere usedin a.IB detection of BBLN (top left) and quantitative

IB data (right) (mean + s.d.,n = 6 FVB,3 male and 3 female,and n =12 Tg-

BBLN mice, 6 male and 6 female; unpaired, two-tailed t-test; d.f. 6, t = 6.354;
P=0.000009572). The lower left control IB detects a-tubulin. ¢, Linear
regression analysis between cardiac BBLN contents and phospho-S345-MLKL
octamers (left), and cardiac BBLN contents and MLKL octamers (right). Linear
regression analysis was performed, and the Pearson correlation coefficients (r)
and Pvalues (two tailed) were determined (n =18, thatis, 6 FVBand 12 Tg-BBLN

hearts; P=0.0005 and <0.0001). d, Cardiac transcript levels (TPM) of Mlkl, Ripk1
and Ripk3were determined by NGS (mean + s.d., unpaired, two-tailed ¢-test, just
alpha; n =4 male mice per group; age: 8 months; d.f. 6, t = 6.917,4.3836 and 3.696;
P=0.0004517,0.00465 and 0.01014). e, Immunofluorescence colocalization of
BBLN with p-S345-MLKL on heart specimens of an 8-month-old, male Tg-BBLN
mouse (Tg-2) and an age- and sex-matched, nontransgenic FVB mouse (scale

bar, 40 pm). Theimmunofluorescence is representative of four mouse hearts

per group. f, Quantitative IB determination of phospho-S345-MLKL and total
MLKL octamers (O) in heart lysates of Tg-BBLN (Tg-2), Tg-BBLN+miCamk2d and
Tg-BBLN-SxxA mice. IBimages (left) and quantitative data (right) (mean £ s.d.;
n=6male mice per group; age 8 months; one-way ANOVA and Tukey’s test;
F(2,15)=37.78 and 88.23; P=0.000006554 and 0.00000408 Tg-BBLN versus the
two other groups (top) P=4.714 x 10~ and 1.184 x 108 Tg-BBLN versus the two
other groups (bottom)). The lower control IB detects a-tubulin. g, Detection of
calcium deposits by von Kossa calcium staining on cardiac specimens of Tg-BBLN
and nontransgenic FVB control mice (n = 3 male mice per group; age 8 months;
scalebar,2 mm).
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Fig.7|Induction of DES degradation by BBLN. a, Cardiac contents of DES were
determined by IB analysis of cardiac lysates prepared from male, 8-month-old
Tg-BBLN (Tg-2) and Tg-BBLN-SxxA mice. b, IB detection of cardiac DES was
performed in male, 8-month-old Tg-BBLN mice (Tg-2) without and with lentiviral
transduction of an miRNA targeting Camk2d by RNAi (+miCamk2d). IB images
(left) and quantitative IB data (right) of intact DES and the major DES fragment.
Control IBs detect ATP5AL. Data are mean + s.d. (n = 6 mice per group). Pvalues
were determined by an unpaired, two-tailed ¢-test (d.f.10; a,  =4.870 and

5.281; P=0.0006519 and 0.0003571; b, t = 5.825and 10.40; P= 0.0001673 and
0.000001111).

and murine BBLN amino acid sequences have 94% identity (Extended
DataFig.1d). Endogenous Bbln upregulation was induced in amurine
heart failure model, which was triggered by chronic pressure overload
imposed by abdominal aortic constriction (AAC) (Fig. 8). Two months
of AAC led to a significant increase in cardiac murine BBLN protein
contents together with increased activated phospho-T287-CAMK2D
levels (Fig. 8a). Concomitantly, the necroptosis effector, that is, the
aggregated phospho-S345-MLKL octamer, was triggered (Fig. 8b), and

showed colocalization with BBLN on cardiac specimens with necrop-
tosis (Fig. 8c). Downregulation of endogenously expressed Bbin by
transgenic expression of a Bbln-targeting miRNA under control of
the ubiquitous cytomegalovirus (CMV) promoter led to decreased
cardiac phospho-T287-CAMK2D contents, reduced the levels of
aggregated phospho-S345-MLKL octamers as effectors of necropto-
sisand improved the cardiac function in heart failureinduced by AAC
(Fig. 8a-d). Thus, chronic pressure overload promoted the upregula-
tion of the endogenous BBLN protein in the mouse. These pathologi-
cally elevated endogenous cardiac BBLN protein levels contributed
to cardiac dysfunction and necroptotic cardiac remodelingin vivo, in
the AAC-induced heart failure model.

Theinvivo function of the human BBLN protein, whichisencoded
by the chromosome 9 open reading frame 16 (C90rf16; ref. 43) was
largely unknown. This study shows that increased cardiaclevels of the
human and murine BBLN protein promoted cardiac dysfunction and
adverse cardiac remodeling in Tg-BBLN mice and in mice with chronic
pressure overload-induced cardiac dysfunction. BBLN triggered car-
diacdamagein a protein dosage-dependent manner by interaction with
CAMK2D and enhancement of the activating CAMK2D autophospho-
rylation on T287 in vitro and in vivo. Phosphorylated phospho-T287-
CAMK2D exerts autonomous kinase activity, which isindependent of
its stimuli, calcium and calmodulin®. By CAMK2D activation, BBLN
promoted CAMK2D-dependent adverse cardiac remodeling with car-
diacdysfunction, fibrosis and necroptosis. Vice versa, BBLN-induced
cardiac pathologies and necroptosis were retarded by RNAi-mediated
CAMK2D protein downregulation. Furthermore, a BBLN mutant with
defective CAMK2D interaction (BBLN-SxxA), which did not act as an
activating CAMK2D substrate, was largely inert in vitro and did not
stimulate cardiac dysfunction nor negative cardiacremodelinginvivo,
intransgenic Tg-BBLN-SxXA mice.

Invitro experiments found that BBLN interacts with the CAMK2D
kinase domain and acts as an activating CAMK2D substrate. Sequence
alignment showed that the human BBLN amino acid sequence dis-
played major features, which are characteristic for CAMK2 kinase
domain interaction and which are conserved in CAMK2-activating
substrates®®?. Likewise, the interaction of BBLN with the CAMK2D
kinase domain was reduced in the presence of the prototypical
CAMK2-activating peptide of GRIN2B. In addition to CAMK2D activ-
ity enhancement, humanBBLN interacts with intermediate filaments*.
In this respect, human BBLN resembles the Caenorhabditis elegans
ortholog of BBLN, which also interacts with intermediate filaments**.
However, the major CAMK2-activating features are apparently missing
in the amino acid sequence of the C. elegans ortholog of BBLN, with
only 15.9% identity with the human BBLN amino acid sequence***,
Therefore, the pathological phenotypes of the human BBLN protein
and the C. elegans ortholog could be different.

Nature Cardiovascular Research | Volume 2 | November 2023 | 1044-1059

1053


http://www.nature.com/natcardiovascres

Article

https://doi.org/10.1038/s44161-023-00351-6

a Hearts c
AAC-induced chronic pressure overload (B6) p-S345-MLKL (red), BBLN (green)
IB: BBLN = 10] <0000
Mr AAC S >
(kpa) | AAC +miBbln ~ Sham =
2 0.5 1
16 Ll T @
o
IB: phospho-T287-CAMK2D S 10 <0.0001 AAC+miBbln
> 104
s |
50 | M- 5 .
N 0.5
1B: CAMK2D o
: @ ol lo8a
50 | e o cmmm—— _<0.0001
= 0.0039 0.0020
> 1.0 o
&
IB: ATP5A1 IS
~ 4
<§( 0.5
60 - 3
a ol
O L
¥
&
x
b I1B: phospho-$345-MLKL d
Mr AAC
(kDa) AAC +miBbln Sham . <0.0001 <0.0001
N
300 | TeRee <0 g 310 60 0.0006 o
«T 2% g
G505 & 30
Qg
547 M @ © 0 0
SRS 0O, &
?? ??:0\0 (}{b ?Y ?.";‘Q\Q %\({o
xé\\ X((\\
1B: MLKL
Mr AAC 0.0004
(kDa) | AAC +miBbln Sham 2 0.0009
300 -| .- <0 = € 8
\ T 9 3 £
-« >
ze 3
= 2
[aa]
541 -+ 3¢ M - ° 0O @
| & - Ng VY:(}S\ %\(@
: . &

Fig. 8| Chronic pressure overload triggered BBLN and features of
necroptosis. a, Quantitative IB determination of cardiac contents of BBLN and
activated phospho-T287-CAMK2D and total CAMK2D in male, 4-month-old

B6 mice with 2 months of AAC, 4-month-old B6-miBbln mice with 2 months

of AAC (AAC+miBbIn) and 4-month-old sham-operated B6 mice (sham). B
images (left) and quantitative IB data (right). The lower control blot detects
ATP5AL b, IB determination of cardiac phospho-S345-MLKL (upper) and total
MLKL (lower) contents of male, 4-month-old B6 mice with 2 months of AAC
(AAC), 4-month-old B6-miBbln mice with 2 months of AAC (AAC+miBblIn) and
4-month-old sham-operated B6 mice (sham). Predominant MLKL octamers

as afeature of necroptosis were quantified. MLKL octamers (O), tetramers (T)
and monomers (M) are marked with arrows. IBimages (left) and quantitative IB
data (right). ¢, Immunofluorescence colocalization of BBLN with p-S345-MLKL

on heart specimens of a4-month-old B6 mouse with 2 months of AAC (AAC),
a4-month-old B6-miBbln mouse with 2 months of AAC (AAC+miBbln) and a
4-month-old sham-operated B6 mouse (sham). The immunofluorescence is
representative of four mouse hearts per group (scale bar, 40 um). d, The left
ventricular EF and the LVIDd were determined by echocardiography. Data are
mean *s.d. (n = 6 male mice per group; one-way ANOVA and Tukey’s test; a,
F(2,15) =379.4,354.4 and 32.97; top: P=0,1.246 x 10?and 0.09708; middle:
P=1.727 x1072,3.11 x 10 and 0.3463; bottom: P= 0.003928, 0.000002048
and 0.001971; b, F(2,15) = 458.4 and 31.79; top: P= 0, 0 and 0.808; bottom:
P=0.00002672,0.00000835 and 0.7711.d, F(2,15) = 28.47 and 15.68; top:
P=0.0005565,0.000006051 and 0.05481; bottom: P=0.0009046, 0.000402
and 0.9084.

We found that BBLN was upregulated in human heart specimens of
TOF patients with cyanosis. Upregulation of the human BBLN protein
could be triggered by hypoxia in TOF patients with cyanosis because
the human BBLN gene is an EGR1-responsive gene, and EGR1was found
to be induced in cyanotic TOF patient hearts”. BBLN expression cor-
related with markers of adverse cardiac remodeling in right ventricular
TOF patient heart specimens with cyanosis and in right ventricular
heart tissue of Tg-BBLN mice. The increased BBLN levels could con-
tribute to the cardiac deterioration of TOF patients because elevated

cardiacBBLN levels caused cardiac remodeling and cardiac dysfunction
invivo, in Tg-BBLN mice subjected to pressure overload, in a protein
dosage-dependent manner

Taken together, this study identified BBLN as a pathologic factor
in TOF patients with hypoxia and in mice overexpressing BBLN under
cardiac pressure overload. The upregulated BBLN protein, atleastin the
mouse model, promotes adverse cardiacremodeling and predisposes
toanincreased heart failure risk. One of the limitations of the current
study is that in vivo work was not done in a mouse model of TOF, but
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ratherinamodel of pressure overload as a proxy. As hypoxia is amajor
pathological feature of TOF patients worldwide, the identification of
the elucidated BBLN-CAMK2D pathway may account for a substan-
tial disease burden of many TOF patients worldwide®. In addition,
BBLN could contribute to the cardiac deterioration of patients with
other hypoxia-induced forms of heart disease. Consequently, future
treatment modalities of hypoxic conditions in the heart could aim to
target pathologic BBLN functions, for example, by RNAi-mediated
downregulation of BBLN or by interference with the BBLN-enhanced
CAMK2D kinase activation.

Methods

Ethical compliance

Theresearch complies with all relevant ethical regulations. Animal exper-
iments were approved by the local committees on animal research (Kan-
tonales Veterindramt ZurichZH215/2020, date of approval 15March 2021;
Kantonales Veterindramt Zurich 145-G, date of approval 14 February 2013;
Kantonales Veterindramt Ziirich 126/2009, date of approval 4 August
2009; Medical Research Center (MRC), Ain Shams University Hospital,
Cairo, date of approval 2 January 2007). The study protocol analyzing
human heart specimens from pediatric TOF patients was performed
in compliance with all relevant ethical regulations and was approved
by the ethical committee of the MRC, Ain Shams University Hospital,
Cairo, Egypt (date of approval 18 October 2006). Informed consent
was obtained from all parents. There was no participant compensation.

Generation of transgenic mice and animal experiments
The following transgenic mouse lines were generated and used:
FVB/N-Tg(MHCBBLN) Sjaa (Tg-1), FVB/N-Tg(MHCBBLN)2 Sjaa (Tg-2),
FVB/N-Tg(MHCBBLN)3 Sjaa (Tg-BBLNlow), FVB/N-Tg(MHCBBLN-SxxA)
Sjaa and B6-Tg(CMVmiBBLN) Sjaa. Chronic pressure overload was
imposedbyAACfor2 months,startingatanage of 8 weeks.Endogenously
expressed Camk2dwas downregulated for 4 weeks by lentiviral trans-
duction of 7-month-old transgenic Tg-BBLN mice by intraperitoneal
administration of areplication-incompetent lentivirus that expressed
a pre-miRNA targeting Camk2d by RNAi (5 x 108 copies per mouse).
The lentiviral expression plasmid was generated by insertion of
double-stranded oligonucleotides into the pLenti6/V5-Dest
Gateway Vector (Invitrogen): miCamk2d top strand: 5-TGCTGTT
CAAGAGACGGCAGATTCTAGTTTTGGCCACTGACTGACTAGAAT
CTCGTCTCTTGAA-3’; miCamk2d bottomstrand: 5’- CCTGTTCAAGAGA
CGAGATTCTAGTCAGTCAGTGGCCAAAACTAGAATCTGCCGTCTC
TTGAAC-3'. Transgenic mouse lines have myocardium-specific expres-
sionof BBLNandmutated BBLN-SxxA(S2A,Y28A,S33A,540A,S62A, T66A,
S79A and S82A) under control of the alpha-MHC promoter. Tg-CMVmiBbin
mice have ubiquitous expression of miBbln targeting endogenously
expressed Bbln in mice by RNAi under control of the CMV immediate
early promoter/enhancer. The miBbln expression plasmid was gen-
erated by insertion of double-stranded oligonucleotides into the
BamHI-Xhol restriction sites of the pcDNA6.2 GW plasmid (Invitrogen):
miBbln top strand: 5-TGCTGTGGAGTTGATGGCAGCATACTGTTT
TGGCCACTGACTGACAGTATGCTCATCAACTCCA-3’; miBbln bottom
strand: 5-CCTGTGGAGTTGATGAGCATACTGTCAGTCAGTGGCCAAAA
CAGTATGCTGCCATCAACTCCAC-3'. Identity of PCR-amplified DNA
sequences of all plasmids was routinely controlled and confirmed by
DNA sequencing. Sperm of transgenic mouse lines were cryopreserved
in the JAX repository (FVB/N-Tg(MHCBBLN)2 Sjaa, JAX ID 911828;
FVB/N-Tg(MHCBBLN)3 Sjaa, JAX ID 400645; B6-Tg(CMVmiBBLN) Sjaa,
JAXID913527), and inthe Janvier repository (FVB/N-Tg(MHCBBLN) Sjaa,
Janvier ID181.085ETH Zurich; FVB/N-Tg(MHCBBLN-SxxA) Sjaa, Janvier
ID182.423 ETH Zurich), and are available upon reasonable request.
This study used male mice and female mice, and investigated
the phenotype of transgenic mice in comparison to age- and
sex-matched nontransgenic mice at anage of 3-4 months and 8 months
as indicated. Sample size of animal experiments was predetermined.

No randomization was performed. Experiments with transgenic mice
were routinely performed with mice from at least three different
breeder pairs. At the end of the observation period, mice were anesthe-
tized by intraperitoneal (i.p.) injection of ketamine and medetomidine
(75 mg kg™ and 0.5 mg kg™ body weight, respectively), and cardiac
function parameters were measured in the parasternal long-axis view
by anobserver, whowasblinded to the genotype by echocardiography
inM-mode with a Vivid 7 ultrasound system using a M12L linear array
transducer (GE Healthcare). Data evaluation was performed with the
EchoPAC software version 3.0 (GE Healthcare), and the left ventricular
cardiac EF was determined by the formula of Teichholz. For isolation of
RNA and proteins, transcardial perfusion of mice was performed with
phosphate-buffered saline (PBS), under terminal anesthesia (ketamine
andxylazine,200 mg kgand 60 mg kg body weight, respectively, i.p.).
Hearts were immediately frozen in liquid nitrogen or processed for
histology.

Animal experiments were approved by the local committees on
animal research (Kantonales Veterindramt ZurichZH215/2020, date of
approval 15March 2021; Kantonales Veterindramt Zurich 145-G, date of
approval 14 February 2013; Kantonales Veterindramt Ziirich126/2009,
date of approval 4 August 2009; MRC, Ain Shams University Hospital,
Cairo, date of approval 2 January 2007).

Human TOF heart specimens

The study analyzed human heart specimens of the RVOT from pedi-
atric patients during clinically indicated primary cardiac repair
surgery for TOF. For RNA extraction, cardiac specimens (muscle
bundles thatareroutinely resected from the RVOT as part of surgery)
were recovered of 11 pediatric patients with sporadic TOF cardiac
defects and cyanosis (repeated oxygen saturation measurements
of <91.0% on room air, mean 85.3 + 3.3%, and episodes of cyanotic
spells; age 23.2 + 5.0 months; four males and seven females). For RNA
extraction, cardiac specimens were collected in RNAlater (Qiagen
GmbH, no.1017980), immediately frozen and transferred to —80 °C
forlong-term storage. In addition, cardiac specimens were obtained
from other 16 TOF patients with cyanosis (oxygen saturation <91.0%,
mean86.7 + 3.5%and episodes of cyanoticspells; age 24.4 + 5.7 months;
seven males and nine females) and 16 TOF patients without cya-
nosis (oxygen saturation 292%, mean 94.3 £ 1.6% and no episodes
of cyanotic spells; age 28.8 + 6.8 months; eight males and eight
females). These 32 cardiac specimens were cut into two pieces
and used for histological analysis (collected in 10% formalin), and
protein extraction (collected in radioimmunoprecipitation assay
(RIPA) buffer supplemented with protease/phosphatase inhibitor
cocktail, immediately frozen and transferred to —80 °C for long-
termstorage).

All pediatric patients had sporadic TOF cardiac defects without
any other malformation and had no22qlldeletion. Informed consent
was obtained from all parents. There was no participant compensation.
The study protocol was performed in compliance with all relevant
ethical regulations and was approved by the ethical committee of the
MRC, Ain Shams University Hospital, Cairo, Egypt (date of approval
18 October 2006).

Cardiac transcriptome profiling by NGS and whole-genome
microarray gene expression analysis

For transcriptome analysis by NGS, right and left ventricular mouse
heart specimens from 3-4-month-old male Tg-BBLN (Tg-1) mice, and
age- and sex-matched nontransgenic FVB mice were dissected, pulver-
ized under liquid nitrogen and total RNA was isolated by the RNeasy
Midi kit (Qiagen GmbH, cat. no.75144). For transcriptome sequencing
by NGS, RNA libraries were prepared using standard lllumina protocols
in frame of the INVIEW Transcriptome Discover protocol (Eurofins
Genomics Germany GmbH). The hearts of 8-month-old, male Tg-BBLN
(Tg-1) mice and nontransgenic FVB controls were similarly processed
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for NGS. lllumina paired-end read sequencing (2 x 150 bp) with guar-
anteed 30 million read pairs per sample was done by the Genome
Sequencer Illumina HiSeq, in the sequence mode HiSeq 4000. RNA
sequencing reads in FASTQ format were imported into the program
CLC Genomics workbench 20 version 20.0.4 (Qiagen Bioinformatics)
and mapped to the reference genome (Mouse GRCm39) in frame of the
RNA Sequencing Workflow of CLC Genomics Workbench 20. NGS tran-
scriptome profiling of right ventricular heart tissue of Tg-BBLN mice
was validated by the detection of right ventricle-specific transcript
changesin comparisontoleft ventricular tissue (Extended DataFig.4).
Transcript selection is based on literature data of differential gene
expression between right and left ventricles from hypoxic rats, heart
failure rats and/or right ventricular heart failure patients***5,

Whole-genome microarray gene expression profiling of 11 human
TOF heart specimens was performed with frozen cardiac specimens
from 11 pediatric TOF patients with cyanosis (four males and seven
females; age 23.2 + 5.0 months). The synthesis of complementary
DNA, labeling and hybridization of fragmented cRNA (15 pg) with the
gene chip (Affymetrix GeneChip Human Genome U133 Plus 2.0 Array)
were performed according to the Affymetrix protocol (Affymetrix
GeneChip Expression Analysis Technical Manual Rev. 5). Microarray
gene expression profiling was similarly performed of hearts from
8-month-old, male Tg-BBLN (low) mice and compared with those of age-
and sex-matched nontransgenic FVB mice using the Mouse Genome
MG4302.0 Array (Affymetrix). The signals were processed using Affy-
metrix GeneChip Operating Software (v.1.4; Affymetrix). To compare
samples and experiments, the trimmed mean signal of each array was
scaled to a target intensity of 300.

IB detection of proteins

For IBdetection of proteins, hearts were pulverized under liquid nitro-
gen, and proteins were extracted with RIPA buffer (150 mM Nacl, 1%
NP40, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate (SDS)
and 25 mM Tris, pH 7.4) supplemented with a protease/phosphatase
inhibitor cocktail. Frozen human heart specimens, which were col-
lected in RIPA buffer (supplemented with protease/phosphatase inhibi-
tors), were thawed and lysed by sonication on ice. Insoluble material
wasremoved by centrifugation followed by delipidation of solubilized
cardiac proteins by the addition of acetone/methanol (12:2) at a final
concentration of 83% for 90 min at 4 °C. The precipitate was washed
with ice-cold acetone and dissolved for 90 min at room temperature
in 6 M urea-containing SDS-sample buffer (with 2% SDS, 0.1 M dithi-
othreitol (DTT) and supplemented with a protease/phosphatase inhibi-
tor cocktail). After the addition of iodoacetamide (10 mM), samples
were stored at —80 °C until further use. Proteins were separated by
6 Murea-containing SDS-polyacrylamide gel electrophoresis (PAGE)
(7.5% for proteins 240 kDa, and 10% for proteins <40 kDa) under reduc-
ing conditions. For IB detection, proteins were transferred to polyvi-
nylidene fluoride membranes. After a blocking step, incubation with
affinity-purified antibodies or F(ab’), fragments of the respective
antibodies (preabsorbed to mouse/human serum proteins) atadilution
0f 1:2,000-1:4,000 in blocking buffer was performed, and unbound
primary antibodies were removed by washing steps. Thereafter, incu-
bation with F(ab’), fragments of affinity-purified peroxidase-coupled
secondary antibodies, preabsorbed to mouse/human serum proteins
(dilution1:40,000), or peroxidase-coupled protein Awas performed.
After additional washing steps, bound antibodies were visualized by
enhanced chemiluminescent detection (Amersham ECL Prime, Cytiva
RPN2236; Amersham ECL Select, Cytiva RPN2235).

AP of CAMK2D and CAMK2D-interacting proteins

Toidentify CAMK2D-interacting proteins, CAMK2D was AP from human
heart specimens of TOF patients. The CAMK2D protein co-enrichment
study pooled cardiac specimens of ten TOF patients, which were
solubilized for 30 min at 4 °C in solubilization buffer (1% sodium

deoxycholate, 0.05% SDS and 0.05% Tween 20 in PBS, pH 7.4, supple-
mented with protease/phosphatase inhibitors). Insoluble material
was removed by centrifugation, and the supernatant was diluted 1:5
with PBS (supplemented with protease/phosphatase inhibitors) and
applied to theimmunoaffinity matrix (affinity-purified anti-CAMK2D
antibodies coupled to Affigel 10; 5 mg IgG coupled to 1 ml of Affigel
10, Bio-Rad Laboratories, cat. n0.1536099). Polyclonal anti-CAMK2D
antibodies were raised in rabbit against full-length recombinant
His,-CAMK2D expressed in and purified from baculovirus-infected
Sf9 insect cells. After an overnight incubation at 4 °C, unbound pro-
teins were removed by washing steps with PBS (20 column volumes),
and bound proteins were rapidly eluted with 0.25 M NH,OH and 10%
dioxane, pH 11. The pH of the eluate was immediately adjusted to
pH 7.4. Eluted proteins were concentrated by centrifugation through
Amicon Ultra centrifugal filters (Amicon Ultra-4 Centrifugal Filter Unit,
molecular weight cutoff3 kDa, UFC800308), dissolved in2x SDS-Lae-
mmlisample buffer and separated by SDS-PAGE under reducing con-
ditions. Immunoaffinity-enriched CAMK2D protein and co-enriched
BBLN were identified by IB detection. Co-enriched BBLN was also
identified by nano-LC-ESI-MS/MS analysis (see below).

Identification of BBLN by nano-LC-ESI-MS/MS analysis

After enrichment of CAMK2D by AP from cardiac specimens of TOF
patients, co-enriched BBLN was identified by nano-LC-ESI-MS/MS anal-
ysis. Isolated proteins were concentrated, dissolved in 2xSDS-Laemmli
sample buffer, and separated by SDS-PAGE under reducing conditions.
After staining of the SDS-containing polyacrylamide gel by Coomas-
sie brilliant blue, visualized protein bands were cut out and subjected
to nano-LC-ESI-MS/MS analysis. The nano-LC-ESI-MS/MS analysis
and protein identification were performed by Proteome Factory AG.
Data have been deposited to the PRIDE Proteomics Identifications
Database (dataset identifier PXD044695).

Immunohistology and immunofluorescence
Immunohistological detection of BBLN was performed after antigen
retrieval on cardiac specimens of TOF patients, and on longitudinal
cardiac sections of Tg-BBLN mice and nontransgenic FVB mice, with
affinity-purified, polyclonal anti-BBLN antibodies. Bound antibod-
ies were visualized by an enzyme substrate reaction (DAB Enhanced
Liquid Substrate System, cat. no. D3939, Sigma-Aldrich). Myocardial
calcium accumulation as an indicator of necroptosis/necrosis was
determined on cardiac specimens by the von Kossa calcium staining
method (Diagnostic BioSystems, cat. no. KT028). Collagen staining of
heart specimens by picrosirius red was performed by the Picrosirius
Red Stain Kit (ab150681, Abcam). Immunohistological sections were
imaged witha DMI6000 microscope equipped with a DFC 420 camera,
andanMZ125 stereomicroscope equipped withaDFC 295 camera (Leica
Microsystems). Colocalization studies of BBLN with CAMK2D, and of
BBLN with phospho-5345-MLKL were performed by immunofluores-
cence applying (1) rabbit polyclonal anti-BBLN antibodies and mouse
monoclonal anti-CAMK2D antibody (WH0000817M2; Sigma-Aldrich),
and (2) rabbit polyclonal anti-BBLN antibodies and mouse monoclonal
anti-phospho-S345-MLKL antibody (MABC1158, Clone 7C6.1; EMD
Millipore Corporation) (dilution 1:200). Secondary antibodies were
labeled with Alexa Fluor 488 and Alexa Fluor 568, respectively (dilution
1:4,000). Nuclei were stained with 4,6-diamidino-2-phenylindole. Sec-
tions wereimaged witha confocal laser scanning microscope (LeicaTCS
SPE, and Leica SP8 Falcon; Center for Microscopy and Image Analysis
at the University of Zurich).

Antibodies

The following antibodies were used for IB detection, immunohisto-
chemistry andimmunofluorescence: rabbit monoclonal anti-ATP2A2/
SERCA2 antibody (9580; D51B11; Cell Signaling Technology); rabbit
polyclonal anti-C90rf16 (anti-BBLN) antibodies (HPA020725; Prestige
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Antibodies; Sigma Life Sciences); rabbit polyclonal anti-CAMK2D anti-
bodies (HO0000817-DO1P; Abnova); mouse monoclonal anti-CAMK2D
antibody, clone 1A8 (WH0000817M2; Sigma-Aldrich); rabbit mono-
clonal anti-CAMK2D antibody [EPR13095] (ab181052; abcam); rab-
bit polyclonal anti-phospho-Thr287 CAMKII (beta, gamma, delta)
antibodies (PA5-37833; Invitrogen by ThermoFisher Scientific);
rabbit monoclonal anti-phospho-Thr286/287 CAMK2 (alpha, beta,
gamma, delta) antibody (D21E4; 12716; Cell Signaling Technology);
rabbit polyclonal anti-phospho-Thr305 CAMK2 (alpha, beta, gamma,
delta) antibodies (Thr307 in mouse CAMK2D) (Abnova PAB29254;
B1SA01040G00470); rabbit monoclonal anti-Desmin antibody
[Y66] (ab32362, abcam); mouse monoclonal anti-ATP5A antibody
[15H4C4] (ab14748; abcam); rabbit monoclonal anti-MLKL antibody
(D6WIK) (mouse specific; 37705; Cell Signaling Technology); rabbit
monoclonal anti-phospho-S345-MLKL antibody [EPR9515 (ref. 2)]
(ab 196436; abcam); rat monoclonal anti-MLKL antibody [3H1]
(ab243142; abcam); mouse monoclonal anti-phospho-S345-MLKL
antibody (MABC1158, Clone 7C6.1; EMD Millipore Corporation); rab-
bit monoclonal anti-phospho-S358-MLKL (D6H3V) antibody (mAb
No. 91689; Cell Signaling Technology); rabbit monoclonal anti-MLKL
(D2I6N) antibody (mAb No. 14993 Cell Signaling Technology); rabbit
polyclonal anti-RYR2 antibodies (Invitrogen PA5-77717; ThermoFisher
Scientific); rabbit polyclonal anti-phospho-Ser2814 RYR2 antibodies
(CABP0624; AssayGenie); mouse monoclonal anti-a-Tubulin antibody,
clone DM1A (T6199; Sigma); peroxidase-conjugated AffiniPure F(ab’)2
Fragment Goat Anti-Mouse IgG Fcy Fragment Specific (115-036-071;
JacksonImmunoResearch Laboratories); peroxidase-conjugated Affin-
iPure F(ab’)2 Fragment Goat Anti-Rabbit IgG, Fc Fragment-Specific
(111-036-046; Jackson ImmunoResearch Laboratories); Protein A,
Peroxidase Conjugate (539253-1IMG; EMD Millipore Corporation); goat
anti-Rabbit IgG (H + L) Highly Cross-Adsorbed Secondary Antibody,
AlexaFluor 488 (A11034; Invitrogen by ThermoFisher Scientific); goat
anti-Mouse IgG (H + L) Cross-Adsorbed Secondary Antibody, Alexa
Fluor 568 (A11004; Invitrogen by ThermoFisher Scientific).

The primary antibody dilution was 1:2,000-1:4,000 for IB detec-
tion, and 1:200 forimmunohistochemistry and immunofluorescence.
Secondary antibody dilution was 1:40,000 for IB detection, 1:500 for
immunohistochemistry and 1:4,000 forimmunofluorescence.

Expression and purification of recombinant proteins
Recombinant, hexahistidine-tagged His,-CAMK2D was expressed in
Spodoptera frugiperda (Sf9) cells. Proteins were extracted with lysis
buffer (300 mM NaCl, 50 mM HEPES, pH 7.5 supplemented with 1%
NP40, 1 mM phenylmethylsulfonyl fluoride and protease inhibitor
cocktail) and purified with Ni-NTA affinity chromatography. His,-BBLN,
His,-BBLN-SxxA (BBLN-S2A,Y28A,S33A,S40A,S62A, T66A,S79A and
S82A), His,-BBLN-Mutl (BBLN-S2A, T66A,S79A and S82A), His,-BBLN-
Mut2 (BBLN-Y28A, S33A and S40A), His,-PDC and Flag-His,-CAMK2D
residues 8-275 (inactive kinase domain D136N mutant)** were expressed
withthe pET-3d expression system (Novagen, no. 69421). Proteins were
extracted frombacterial pellets with lysis buffer 300 mM NacCl, 50 mM
HEPES, 10 mMimidazole, 10 mM 2-mercaptoethanol and 8 M urea, pH
7.5),and purified by Ni-NTA affinity chromatography. After washing and
proteinrenaturation steps with buffer (300 mMNaCl, 50 mM HEPES and
20 mM imidazole, pH 7.5,10 mM 2-mercaptoethanol) supplemented
with decreasing concentrations of urea (4 M, 2 M and 0 M), bound
proteins were eluted with elution buffer (300 mM NaCl, 50 mM HEPES
and 500 mMimidazole, pH7.5,10 mM2-mercaptoethanol). After buffer
exchange and a protein concentration step, proteins were used for the
invitro phosphorylation assay.

Invitro phosphorylation and binding assays

Invitro phosphorylation of PDC, and autophosphorylation of CAMK2D
were performed inan assay volume of 50 pl by incubation of purified,
recombinant His,-CAMK2D (50 nM or 200 nM, as indicated) with or

without 600 nM His¢-PDC in reaction buffer (20 mM Tris-HCI, pH 7.5)
supplemented with 2.5 uM calmodulin, 4 mM CaCl,and 2 mM ethylen-
ediaminetetraacetic acid and 5 mM MgCl, in the presence of increas-
ing concentrations of purified recombinant His¢-BBLN (0-30 uM),
His,-BBLN-SxxA, His¢-BBLN-Mutl, His,-BBLN-Mut2 (30 pM) or control
protein (bovine serum albumin). As indicated, Ca**+calmodulin was
omitted. The phosphorylation reaction was started by the addition of
50 uM or 100 pM ATP supplemented with [y-**P]-ATP (1 x 10° disinte-
grations per minute, specific activity 3,000 Ci mmol™, PerkinElmer).
After an incubation for 10 min at 30 °C, the reaction was stopped by
the addition of 5x SDS-Laemmli buffer. After thermal denaturation,
proteins were separated by SDS-PAGE under reducing conditions, and
phosphorylated proteins were visualized and quantified by autoradi-
ography or by IB detection of phospho-T287-CAMK2D.

The binding of BBLN, BBLN-Mutl and BBLN-Mut2 to Flag-His,-
CAMK2D (kinase domain residues 8-275, D136N mutant)*® was deter-
mined by a binding assay. Purified Flag-His,-CAMK2D kinase domain
(residues 8-275,D136N) (1 uM) wasimmobilized on anti-FLAG-antibody
affinity agarose (20 pl beads) by incubation for2-4 h,at4 °C, inincuba-
tion buffer (25 mM Tris-HCI, 150 mM NacCl, 0.1% bovine serum albumin
and 0.01% NP40, pH 7.4) followed by the addition of 1 uM BBLN pro-
teininthe absence or presence of 30 pM peptide (GRIN2B 1289-1310:
KAQKKNRNKLRRQHSYDTFVDL; control peptide GRIN2B 1095-1119:
SAKSRREFDEIELAYRRRPPRSPDH)*?*, and incubation for 4 h, at 4 °C.
After three washing steps with incubation buffer, elution was per-
formed with SDS-PAGE sample buffer. Eluted proteins were visualized
and quantitated after SDS-PAGE by IB detection.

Statistical analyses and software

The presented data show biological replicates unless otherwise stated.
Allthe nonhumandata of this study have been confirmed at least three
times with consistent results. Applied statistical tests are indicated in
thefigurelegends, and dataare presented as mean + s.d. Comparisons
between two groups were made with the unpaired, two-tailed ¢-test,
and for comparisons between more than two groups, ordinary one-way
analysis of variance (ANOVA) with a post-test asindicated was used. Sur-
vivalanalyses were performed by Kaplan-Meier survival analysis with a
log-rank (Mantel-Cox) test. Linear regression analysis was performed
forlinear dependence analysis between two variables, and the Pearson
correlation (r) was determined. A p-value of <0.05 was considered as
statistically significant. Only transcripts showing correlation with BBLN
in human RVOT specimens of cyanotic TOF patients with a P value of
<0.05 and a Pearson correlation (r) of 2+0.6 or <—0.6 were included in
the overrepresentation analysis. Statistical analyses were performed
withR, and thelinear regression analysis was performed with Excel 2019
(version16.0). GraphPad Prism (version 9.3.1) was used for creation of
graphs.NGS transcriptome data comparisons between two groups were
performed by MeV, and the unpaired, two-tailed t-test (justalpha)*. The
heat map was generated by Morpheus (https://software.broadinstitute.
org/morpheus). The overrepresentation analysis was performed with
g:GOSt of g:Profiler (version e107_eg54_p17_bf42210, database updated
0n15.09.2022). Pvalues were determined with Fisher’s one-tailed test™.
Multiple testing correction was performed with the G:SCS algorithm of
g:GOSt*. Multiple sequence alignment was performed with the Clustal
Omega (CLUSTAL O, version1.2.4) tool from European Molecular Biol-
ogy Laboratory’s European Bioinformatics Institute®. Pairwise sequence
alignment was performed withEMBOSS Needle. A search of the National
Center for Biotechnology Information GEO dataset browser identified
upregulation of BBLN-Bblnin GEO datasets GDS2008 (GSE2299, ref. 52),
GDS5302 (GSE54372, ref. 53) and GDS3018 (GSE4286, ref. 54).

Data analysis

AIINGS data analyses were performed with CLC Genomics Workbench
20 version 20.0.4 (Qiagen Bioinformatics) and mapped to the reference
genome (Mouse GRCm39) in frame of the standard RNA Sequencing
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Workflow of CLC Genomics workbench 20. The following mapping set-
tings were used: mismatch count: 2; insertion cost: 3; deletion cost: 3;
length fraction: 0.8; similarity fraction: 0.8; maximum number of hits
for aread: 10; expression value: transcripts per million (TPM).

Reporting summary
Furtherinformation onresearch designisavailableinthe Nature Port-
folio Reporting Summary linked to this article.

Data availability

NGS data and whole-genome microarray gene expression data that
support the findings of the study have been deposited in the National
Center for Biotechnology Information GEO database and are acces-
sible through GEO Series accession numbers GSE241022, GSE241024,
GSE241030 and GSE241161. MS data of BBLN identification by nano-LC-
ESI-MS/MS analysis have been deposited to PRIDE Proteomics Identi-
fications Database (dataset identifier PXD044695). Immunohistology
and immunofluorescence image source files have been deposited in
the online repository Eidgenoessische Technische Hochschule Zurich
Research Collection (https://doi.org/10.3929/ethz-b-000630673). All
other data analyzed during this study are included in the main article
and associated files. Source data are provided with this paper.
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Extended Data Fig. 1| See next page for caption.
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Extended Data Fig.1| The human BBLN gene is an EGRI-responsive gene, and
the rodent Bblnis up-regulated in mouse and rat heart failure models.

a, Identification of the EGRI (Early growth response 1) consensus region (marked
inred) in the human BBLN gene. The Egrl consensus regionis absentin the
mouse Bbln gene. Nucleotides which are identical in the human BBLN and mouse
Bbln genomic sequences are highlighted in bold in the murine sequence. The
initiator ATG is marked in blue. b, The GEO DataSet GDS2008 documents that
the human BBLN transcriptis strongly up-regulated by EGR1 expression. ¢, The
EGRI transcript was found up-regulated in infants with TOF and cyanosis. Data
were taken from TABLE E1 of ref. 15. The p-value was determined with an unpaired,
two-tailed, equal variance Student’s t-test, and Benjamini and Hochberg multiple

testing correction for false discovery rate, FDR (ref. 15). d, Sequence alignment
of human and mouse BBLN amino acid sequences. Sequence alignment shows
94.0 % identity (78/83) and 95.2 % similarity (79/83) between human and mouse
BBLN amino acid sequences. Pairwise sequence alignment was performed with
EMBOSS Needle (Matrix: EBLOSUM®62; Gap penalty: 10.0; Extend penalty: 0.5).
Residues with conservation between groups of strongly similar properties (:),
and residues with conservation between groups of weakly similar properties
(.) are marked. e,f, GEO DataSet GDS5302 in the NCBI GEO database shows that
mouse Bbln expression is up-regulated in murine hearts with NelfB deletion
cardiomyopathy (e), and GDS3018 shows that the rat Bbin transcript is up-
regulated in hearts with renin transgene-induced heart failure (f).
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Extended Data Fig. 2| Female Tg-BBLN mice developed a heart failure mice (Tg-l) atan age of 3-4 months. ¢, Female Tg-BBLN mice (Tg-1) also

phenotype with anincreased mortality. a, Decreased lifespan of female
Tg-BBLN mice (Tg-1and Tg-2), was detected by Kaplan-Meier survival analysis

developed cardiac hypertrophy as documented by anincreased left ventricular
internal diameter in diastole (LVIDd). Data (b,c) are mean + s.d. (n = 6 female mice

with log-rank (Mantel-Cox) test (n =103 mice per group; p < 0.0001). per group; age: 3-4 months; unpaired, two-tailed t-test; df=10; b, t =12.56;

b, Symptoms of heart failure with a significantly decreased left ventricular

p=1.89718E-07; ¢, t = 4.113; p = 0.0021). Controls were age-matched,

ejection fraction (EF) were detected by echocardiography in female Tg-BBLN non-transgenic, female FVB mice.
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Extended Data Fig. 3| Whole genome microarray gene expression profiling of
tetralogy of Fallot (TOF) patient heart specimens. a, Overview of microarray
hybridization quality control features of whole genome microarray gene
expression data of cardiac specimens from 11 patients diagnosed with TOF
cardiac pathology and cyanosis (7 females, 4 males). Total cardiac RNA was
extracted, processed for whole genome microarray gene expression profiling,

and fragmented cRNA was hybridized to the gene chip (Affymetrix GeneChip
Human Genome U133 Plus 2.0 Array). Raw data were analyzed with the GeneChip
Operating Software (GCOS) and scaled to a target value of 300. b, Characteristics
of 11 pediatric patients with TOF cardiac defects, from whom cardiac specimens
were recovered for whole genome microarray gene expression profiling. Data are
mean +s.d.; n=11(7 females, 4 males).
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Extended Data Fig. 4 | Validation of right ventricular NGS transcriptome
profiling databy detection of heart failure-related differences between right
and left ventricular heart specimens of Tg-BBLN mice. a-j, NGS transcriptome
data of right and left ventricular heart specimens of Tg-BBLN mice (Tg-1) were
validated by detection of differential gene expression between right and left
ventricles. Transcript selection is based on literature data of differential gene
expression between right and left ventricles from hypoxic rats, heart failure

rats, and/or right ventricular heart failure patients***%, Differences between
right and left ventricles were attributed to the fact that the right ventricle has a
lower capacity to adapt to systemic load and therefore maladaptive factors are
higher in the right ventricle compared to the left ventricle*®. Panels (a-j) show
transcripts from Tg-BBLN mice with increased right ventricular expression levels
compared to those of left ventricular heart tissue. k,1,m, Snap47levels were
concordantly up-regulated (k), Sdha levels were concordantly down-regulated
inright and left ventricles of Tg-BBLN mice compared to right and left ventricles

of non-transgenic FVB mice (1), and Wipil levels were not different between right
and left ventricles of Tg-BBLN mice (m). n,0, As controls, increased transgenic
BBLN levels in Tg-BBLN mice were comparable between right and left ventricles
(n), and levels of the house-keeping gene, Gapdh, were not significantly different
between right and left ventricles of Tg-BBLN mice and non-transgenic FVB mice
(0).Dataare mean +s.d.; n =4 male mice per group; age: 3-4 months. P-values
for comparisons between right and left ventricular tissue of Tg-BBLN mice are
indicated (one-way ANOVA and Tukey’s test; F(3,12) =10797 (Nppa), p = 2.554e-14;
4161 (Nppb), p =1.287e-12;230.9 (Ltbp2), p = 0.000006432; 2452 (Thbs4),
p=0.000006432;929.7 (Tgfb2), p = 2.535e-9; 51.13 (IgfI), p = 0.01436; 1061
(Map4), p =3.773e-11;322.5 (Vsig4), p =1.707e-10; 397.5 (SppI), p = 0.00008119;
3333 (Ccn2), p = 6.464e-13;119.7 (Snap47), 0.9988;162.5 (Sdha), p = 0.9792; 5.431
(Wipil), p = 0.1831;99.96 (BBLN; Bbin, 1110008P14Rik), p = 0.03736; 0.4981
(Gapdh), p = 0.8540.
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Extended Data Fig. 5| Cardiac transcript levels of Camk2d splice variants in
right and left ventricles of Tg-BBLN and FVB mice. a,e Cardiac transcript levels
of different Camk2d splice variants were determined by NGS in right (a) and left
ventricles (e) of 3-4-month-old, male non-transgenic FVB mice and transgenic
Tg-BBLN mice (Tg-1), and are presented as TPM (transcripts per million). b-d, f-h,
Transcript levels of cardiac Camk2a, Camk2b and Camk2g were determined by
NGS inright ventricular (b-d) and left ventricular heart specimens (f-h) of

non-transgenic FVB mice and transgenic Tg-BBLN mice. Data are mean +s.d.
P-values were determined by the unpaired, two-tailed t-test; just alpha; n =4
mice per group (df=6; a, t =2.103,2.494, 4.952,1.473; p = 0.0801, 0.0469, 0.0026,
0.1913; b, t = 6.433; p = 0.0007; ¢, t =13.39; p = 1.0757e-05; d, t =1.727; p = 0.1349;
e, t=3.453,0.5919,4.256,1.050; p = 0.0136, 0.5755,0.0053, 0.3342; f, 5.857;
p=0.0011;g,4.797; p=0.0030; h, 0.1269; p = 0.9032).
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Extended Data Fig. 6 | Enhanced CAMK2D-mediated phosphorylation of
RYR2in Tg-BBLN mice, and BBLN-dependent down-regulation of calcium
handling proteins, RYR2 and SERCA2, in Tg-BBLN mice and TOF patients.

a, Immunoblot analysis detected reduced total cardiac RYR2 protein contents
and increased CAMK2D-mediated phosphorylation of RYR2 on serine-2813 in
Tg-BBLN mice (Tg-1) compared to non-transgenic FVB controls. Representative
immunoblots (left panels), and quantitativeimmunoblot data (right panels)
areshown. b, Cardiac ATP2A2 (SERCA?2) levels are decreased in Tg-BBLN (Tg-1)
hearts. The lower control blot detects ATP5A1. Representative immunoblots (left
panels), and quantitative data (right panels) are shown. Data (a,b) are mean £ s.d.
(n=9 mice per group, 5male, 4 female; age: 8 months). P-values were determined
by the unpaired, two-tailed t-test (df=16; a, t = 9.4818, 4.9131; p = 5.7293e-08,

p=0.000156; b, t=11.09, 0.3828; p = 6.42141e-09, p = 0.7069). ¢, Transcript levels
of Ryr2 (left panel) and Atp2a2 (right panel) were determined by NGS in heart
specimens of Tg-BBLN mice (Tg-1) and non-transgenic FVB mice. Data are mean
+s.d. (n =4 male mice per group; age: 8 months). P-values were determined by
the unpaired, two-tailed t-test (df=6; t =7.4612, p = 0.000299 (Ryr2); t = 33.28,
p=4.8989¢-08 (Atp2a2)).d, BBLN transcript levels in right ventricular heart
specimens of TOF patients with cyanosis were determined by microarray analysis
(Affymetrix probe set ID: 204480_s_at) and negatively correlated with RYR2
(214044 _at) and ATP2A2 (212361_s_at). Linear regression analysis was performed,
and the Pearson correlation coefficient (r) and p-values (left panel, two-tailed,

p =0.0412; right panel, one-tailed, p = 0.0486) were determined (n =11 TOF
patients with cyanosis, 7 females, 4 males; age: 23.2 + 5months).
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Extended Data Fig. 7| Enhancement of CAMK2D autophosphorylation on
T287 by BBLNin vitro. a, Autophosphorylation of CAMK2D on T287 in the
absence (Cont.) and presence of BBLN, BBLN-Mut1, BBLN-Mut2, and BBLN-SxxA
(P-valuesvs. +BBLN). b, Sequence alignment of BBLN (residues 55-74) with the
prototypical CAMK2 kinase domain-interacting region of GRIN2B (residues 1295-
1310), and the regulatory domain residues 275-294 of CAMK2D was performed
with CLUSTAL O. Potential interaction sites with CAMK2(D) kinase domain (based
onref.28) are shownbelow the sequence alignment. ¢, Interaction of BBLN with
CAMK2D kinase domain residues 8-275is strongly reduced in the presence

ofthe GRIN2B peptide (30 uM). CAMK2D kinase domain was immobilized on
anti-FLAG affinity matrix (AP) and incubated with BBLN in the absence and
presence of GRIN2B peptide or control peptide. After washing steps and protein
elution with SDS-PAGE sample buffer, BBLN was detected by immunoblot (IB)
with anti-BBLN antibody, and CAMK2D was detected by anti-CAMK2D antibody

(lower blot) (P-value vs. no peptide and +Cont. pept.). d, In vitro phosphorylation
assay of BBLN, BBLN-SxxA, BBLN-Mutl and BBLN-Mut2 by CAMK2D. Phospho-
site-deficient BBLN-SxxA was not phosphorylated (BBLN wild-type set to 100 %).
e, Interaction of BBLN, BBLN-SxxA, BBLN-Mut1, and BBLN-Mut2 with CAMK2D
residues 8-275 was determined by binding assay. CAMK2D kinase domain

was immobilized on anti-Flag affinity matrix (AP), and incubated with BBLN

and different BBLN mutants. After washing steps, proteins were eluted and
quantitated by immunoblot (IB) (P-value vs. BBLN, BBLN-Mutl and BBLN-Mut2).
Dataaremean ts.d (a,d,n=3;c,e, n=4).P-values were determined by one-way
ANOVA and Tukey’s test (a, F(4,10) = 69.97; p = 0.03874, 0.05538,0.000003179,
6.453e-7 vs.+BBLN; ¢, F(2,9) =40.32; p = 0.00003353 and 0.0002668 + GRIN2B
pept.vs.no peptide and +Cont. pept.d, F(3,8) = 64.42; p=0.000003474,
0.00164,0.001832 vs. BBLN; e, F(3,12) = 34.40; p = 0.000003081, 0.00002688,
and 0.000255 SxxA vs. BBLN, Mutl, and Mut2).
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BBLN/HE Heart

Non-Transgenic FVB

Extended Data Fig. 8 | Immuno-histological analysis of Tg-BBLN-SxXA mouse sex-matched non-transgenic FVB mice (lower panels) by immunohistology with
hearts. The cardiac BBLN (and BBLN-SxxA) protein was detected on cardiac anti-BBLN antibodies. Counterstaining was performed with hematoxylin (HE);
specimens of 8-month-old, male Tg-BBLN-SxxA mice (upper panels) and age- and bar:2 mm; n =3 mice/group.
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Extended Data Fig. 9 | Immunoblot detection of activated phospho-T287-
CAMK2D and necroptotic features in TOF patient heart specimens. a, Cardiac
contents of BBLN, phospho-T287-CAMK2D, and total CAMK2D were determined
by immunoblot (IB) of cardiac proteins in heart specimen lysates from cyanotic
and acyanotic TOF patients. The left panels show immunoblotimages, and the
right panels show quantitative data. The lower controlimmunoblot detects
ATP5AL. b, Immunoblot detection of MLKL and phospho-S358-MLKL octamers
inheart specimen lysates of cyanotic and acyanotic TOF patients. Data (a, b) are
mean +s.d. P-values were determined by the unpaired, two-tailed t-test

(n = 6 patients per group, 3 females, 3 males; age cyanotic TOF patients:

23.17 + 4.5 months; age acyanotic TOF patients: 29.5 + 7.6 months; df=10;
a,t=6.0614,4.4782,0.6390; p = 0.0001218, 0.001182, 0.5372; b, t = 8.4943,
7.09; p=0.000006939,0.00003335). c, Correlation analyses were performed
between cardiac contents of BBLN and total CAMK2D (left), BBLN and phospho-
T287-CAMK2D (middle), and BBLN and phospho-S358-MLKL (right). Pearson
correlation (r) and p-values (two-tailed) were determined of n = 6 cyanotic and
6 acyanotic TOF patients (left panel: p = 0.9209; middle panel: p = 0.0007209;
right panel: p =1.095e-7).
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Extended Data Fig. 10 | Cardiac dysfunction and up-regulation of cardiac
remodeling transcripts in Tg-BBLN (Ilow) hearts with 4-fold increased BBLN
proteinlevels. a, Echocardiography documents a significantly reduced left
ventricular ejection fraction (a, left panel) and cardiac dilation with increased
left ventricular diameter in diastole (a, right panel) in Tg-BBLN (low) mice with
4-foldincreased cardiac BBLN protein contents in comparison to age- and
sex-matched non-transgenic FVB mice. Data are mean +s.d., n = 6 male mice

per group, age 8 months (unpaired, two-tailed t-test; df=10; t = 5.986, 2.3392;
p=0.0001346, p=0.04139). b, Cardiac BBLN protein contents were determined
by immunoblot (IB) in hearts of Tg-BBLN (low) mice in comparison to those of

non-transgenic FVB mice (mean +s.d.; n =4 male mice per group; age 8 months;
mean +s.d.; unpaired, two-tailed t-test; df=6; t =4.024; p = 0.006927). ¢, Whole
genome microarray gene expression profiling detects up-regulation of fibrotic
remodeling transcripts in Tg-BBLN (low) hearts with 4-fold increased Bbin-BBLN
transcript levels compared to those of non-transgenic FVB hearts. As a control,
Gapdh transcript levels were not different between groups. Data are mean +

s.d. (n=4mouse hearts per gene chip; 2 gene chips per group; unpaired, two-
tailed t-test, just alpha; df=2;t=16.61,32.39,28.01, 34.2,31.98, 21.92,1.4024;
p=0.003607,0.0009516,0.001272,0.0008539, 0.0009761, 0.002075, 0.2959).
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Data collection

Data analysis

A Vivid 7 echocardiograph equipment with the EchoPAC PC 3.0 Software was used for echocardiography data collection and analysis.
Immunohistology sections were imaged with a DMI6000 microscope equipped with a DFC 420 camera (Leica Microsystems, Wetzlar,
Germany), and an MZ125 stereomicroscope equipped with a DFC 295 camera (Leica Microsystems, Wetzlar, Germany). A Leica TCS SPE
microscope and a Leica SP8 Falcon microscope were used for the confocal microscopy image data collection.

GraphPad Prism (Version 9.3.1) was used for creation of graphs. NGS data comparisons between two groups were performed by MeV, which
used the unpaired, two-tailed t-test (just alpha). Statistical analyses were performed with R, and the linear regression analysis was performed
with Microsoft Excel (version 16.58). The signals of microarray gene expression chips were processed using Affymetrix GeneChip Operating
Software (GCOS; v.1.4; Affymetrix). All NGS data analyses were performed with CLC Genomics workbench 20 version 20.0.4 (QIAGEN
Bioinformatics, QIAGEN Aarhus A/S) and mapped to the reference genome (Mouse GRCm39) in frame of the standard RNA Sequencing
Workflow of CLC Genomics workbench 20. The following mapping settings were used: Mismatch count: 2; Insertion cost: 3; Deletion cost: 3;
Length fraction: 0.8; Similarity fraction: 0.8; Maximum number of hits for a read: 10; Expression value: TPM. No new code was generated.
Protein identification from the nanoHPLC-ESI-MS/MS analyses was performed by MS/MS ion search with the Mascot search engine. The heat
map was generated by Morpheus (https://software.broadinstitute.org/morpheus). The over-representation analysis was performed with
g:GOsSt of g:Profiler (version e107_eg54 p17_bf42210, database updated on 15/09/2022). The over-representation analysis determined the
statistically significant enrichment by the cumulative hypergeometric probability test. Adjusted P-values (-log10) were determined measuring
the randomness of the intersection between the query and the indicated Reactome pathway. The statistical domain scope was set to “all
known genes” (effective domain size: 62649), and the significance threshold (g:SCS threshold) was set to 0.05. As data source the Reactome
pathway database was used. P-values were determined by g:GOSt of g:Profiler with Fisher's one-tailed test. Multiple testing correction was
performed with the G:SCS algorithm of g:GOSt. Multiple sequence alignment was performed with the Clustal Omega (CLUSTAL O, version
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1.2.4) tool from EMBL-EBI. The NCBI GEO Database was used to identify GEO datasets with up-regulation of the human BBLN gene, the
murine Bbln gene and the rat Bbln gene.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

NGS data, and whole genome microarray gene expression data that support the findings of the study have been deposited in the NCBI GEO database and are
accessible through GEO Series accession numbers GSE241022, GSE241024, GSE241030, and GSE241161. MS data of BBLN identification by nano-LC-ESI-MS/MS
analysis have been deposited to the PRIDE Proteomics Identifications Database (dataset identifier PXD044695). Immunohistology and immunofluorescence image
source files have been deposited in the online repository ETH Research Collection (doi: 10.3929/ethz-b-000630673). All other data analyzed during this study are
included in the main article and associated files. Source data are provided with this manuscript.
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Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender For RNA extraction, cardiac specimens were recovered of 11 paediatric patients with sporadic TOF cardiac defects and
cyanosis (4 male, 7 female; age 23.2+5.0 months). Sex of these 11 paediatric patients was confirmed by whole genome
microarray gene expression data. In addition, cardiac specimens (muscle bundles that are routinely resected from the RV
outflow tract as part of surgery) were obtained from other 16 TOF patients with cyanosis (7 male, 9 female; age 24.4+5.7
months) and of 16 TOF patients without cyanosis (8 male, 8 female; age 28.8+6.8 months).

Reporting on race, ethnicity, or ' The manuscript did not report on race, ethnicity, or other social grouping.
other socially relevant
groupings

Population characteristics The study analysed human heart specimens of the right ventricular outflow tract (RVOT), which were recovered from
pediatric patients during clinically indicated primary cardiac repair surgery for TOF at the Ain Shams University Hospital,
Cairo, Egypt. For RNA extraction, cardiac specimens (muscle bundles that are routinely resected from the RV outflow tract as
part of surgery) were recovered of 11 pediatric patients with sporadic TOF cardiac defects and cyanosis (repeated oxygen
saturation measurements of <91.0% on room air, mean 85.3 + 3.3 %, and episodes of cyanotic spells; age 23.2+5.0 months; 4
male, 7 female). In addition, cardiac specimens (muscle bundles that are routinely resected from the RV outflow tract as part
of surgery) were obtained from other 16 TOF patients with cyanosis (oxygen saturation < 91.0 %, mean 86.7+3.5% and
episodes of cyanotic spells; age 24.4+5.7 months; 7 male, 9 female) and from 16 TOF patients without cyanosis (oxygen
saturation > 91.3 %, mean 94.2+1.7% and no episodes of cyanotic spells; age 28.846.8 months; 8 male, 8 female). All
pediatric patients had sporadic TOF cardiac defects without any other malformation and no 22q11 deletion.

Recruitment The study analysed human heart specimens of the right ventricular outflow tract (RVOT), which were recovered from
pediatric patients during clinically indicated cardiac repair surgery for TOF, at the Ain Shams University Hospital, Cairo, Egypt.
Informed consent was obtained from all parents. There was no participant compensation.

Ethics oversight The study protocol analyzing human heart specimens from pediatric TOF patients was performed in compliance with all
relevant ethical regulations and approved by the ethical committee of the Medical Research Center (MRC), Ain Shams
University Hospital, Cairo, Egypt (date of approval 18.10.2006). Informed consent was obtained from all parents. There was
no participant compensation.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.
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For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size Sample size of animal experiments was predetermined and based on the expected effect size, which was observed during initial mouse




Sample size phenotyping studies. Sample size determination was performed in frame of the statistical pre-evaluation of the study by Novustat GmbH
(Wollerau, Switzerland). Sample size determination defined the minimum number of animals allowing statistical analysis while considering the
3Rs rule on reduction, refinment and replacement of animal use for scientific experiments.

Data exclusions  Data from mice with visual malformations independent from the mouse genotype, as determined by an independent veterinarian, were
excluded. In addition, data from mice with (healed) bite wounds were also excluded.

Replication All the non-human data of this study were confirmed at least three times in independent experiments, i.e., with offspring from at least three
different pairs of breeders.

Randomization  Study groups of mice were matched by age, sex and genetic background, as indicated. Mice were not randomized but all experiments were
performed with mice from at least three different pairs of breeders.

Blinding Echocardiography measurements, histology analyses, confocal imaging experiments and protein detection by immunoblot were performed by
investigators who were blinded to the genotype. In addition, data analyses of these experiments were performed in a blinded manner.
Cardiac transcriptome analysis by NGS of Tg-BBLN and non-transgenic FVB mice was determined by GATC Biotech, an EUROFINS company,
without knowing the genotype. Similarly, whole genome microarray gene expression profiling was performed by CORE Facility researchers,
who did not know the genotypes and/or study groups. Protein identification by nano-LC-ESI-MS/MS analysis was performed by members of
Proteome Factory AG (Berlin, Germany), who did not know the study groups.
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Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
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Palaeontology and archaeology IZ |:| MRI-based neuroimaging
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Dual use research of concern

XXX O XX [ s
ODO00XOOX

Plants

Antibodies

Antibodies used The following antibodies were used for immunoblot detection, immunohistochemistry and immunofluorescence.
Primary antibody dilution was 1:2000-1:4000 for immunoblot detection, and 1:200 for immunchistochemistry and
immunofluorescence. Secondary antibody dilution was 1:40,000 for immunoblot detection, 1:500 for immunohistochemistry, and
1:4000 for immunofluorescence.
rabbit monoclonal anti-ATP2A2/SERCA2 antibody (9580; D51B11; Cell Signaling Technology)
rabbit polyclonal anti-C9orf16 (anti-BBLN) antibodies (HPA020725, Prestige Antibodies, Sigma Life Sciences);
rabbit polyclonal anti-CAMK2D antibodies (HO0000817-DO1P; Abnova);
mouse monoclonal anti-CAMK2D antibody, clone 1A8 (WH0000817M2; Sigma-Aldrich);
rabbit monoclonal anti-CAMK2D antibody [EPR13095] (ab181052, abcam);
rabbit polyclonal anti-phospho-Thr287 CAMKII (beta, gamma, delta) antibodies (PA5-37833; Invitrogen, ThermoFisher Scientific);
rabbit monoclonal anti-phospho-Thr286/287-CAMK?2 (alpha, beta, gamma, delta) antibody (D21E4, 12716, Cell Signaling Technology);
rabbit polyclonal anti-phospho-Thr305-CAMK?2 (alpha, beta, gamma, delta) antibodies (Thr307 in mouse CAMK2D) (Abnova
PAB29254; B1SA01040G00470);
rabbit monoclonal anti-Desmin antibody [Y66] (ab32362, abcam);
mouse monoclonal anti-ATPSA antibody [15H4C4] (ab14748, abcam);
rabbit monoclonal anti-MLKL antibody (D6W1K) (mouse specific; 37705, Cell Signaling Technology);
rabbit monoclonal anti-phospho-S345-MLKL antibody [EPR9515(2)] (ab 196436; abcam);
rat monoclonal anti-MLKL antibody [3H1] (ab243142; abcam);
mouse monoclonal anti-phospho-5345-MLKL antibody (MABC1158, Clone 7C6.1, EMD Millipore Corporation);
rabbit monoclonal anti-phospho-S358-MLKL (D6H3V) (mAb No. 91689, Cell Signaling Technology);
rabbit monoclonal anti-MLKL (D2I6N) (mAb No. 14993; Cell Signaling Technology);
rabbit polyclonal anti-RYR2 antibodies (Invitrogen PA5-77717; ThermoFisher Scientific);
rabbit polyclonal anti-phospho-Ser2814-RYR2 antibodies (CABP0624; AssayGenie);
mouse monoclonal anti-alpha-Tubulin antibody, clone DM1A (T6199; Sigma);
peroxidase-conjugated AffiniPure F(ab')2 Fragment Goat Anti-Mouse 1gG Fc gamma Fragment Specific (minimal crossreaction to
human, bovine and horse serum proteins) (115-036-071, Jackson ImmunoResearch Laboratories Inc.);
peroxidase-conjugated AffiniPure F(ab')2 Fragment Goat Anti-Rabbit 1gG, Fc Fragment-Specific (minimal cross-reaction to human
serum proteins) (111-036-046; Jackson ImmunoResearch Laboratories Inc.);
protein A, Peroxidase Conjugate (539253-1MG; EMD Millipore Corp.);
goat anti-Rabbit 1gG (H+L) Highly Cross-Adsorbed Secondary Antibody, Alexa Fluor 488 (A11034; Invitrogen by ThermoFisher




Walidation

Sclentific);
goat anti-Mouse 1gG [H+L) Cross-Adsorbed Secondary Antibody, Alexa Fluor 568 [A11004; Invitrogen by ThermoFisher Scientific).

rabbit monoclonal anti-ATP2A2/SERCAZ antibody (3580; D51B11; Cell Signaling Technology; Lat 3); https:/fwww.cellsignal .com/
products/primary-antibodies/atp2aZ-serca2-d51b11-rabbit-mab/ 9580,

rabbit polyclonal anti-C9arfl6 (anti-BBLN) antibodies (HPAO20725; Prestige Antibodies; Sigma Life Sciences; Lot R10107; Lot
#105533]); https:fwww.sigmaaldrich.com/CH/de/product/sigma/hpal207 25; validated in BBLN-transfected HEK cells vs, non-
transfected cells, and In Tg-BBLN transgenic mice vs. non-transgenic mice {this work).

rabbit polyclonal anti-CAMEK2D antibodies (HO0OD0&17-DO1F; Abnova; Lot 08285WUIz); https:/fwww.abnova.com/products/
products_detall.asp?catalog_ld=HDOO00&17-D01F; validated im CAMK2D-transfected HEK cell line vs. non-transfected cells.

mouse monoclonal anti-CAMEZD antibody, clone 148 (WHOODOS17M2; Sigma-aldrich; Lot G6161-1A8); httpsyf
www.sigmaaldrich.com/CH/de/product/sigma/wh0000817m2; validated In CAME2D-transfected HEK cells vs. non-transfected cells;
and enhanced validation by RNAIL

rabbit monoclonal ant-CAMEZD antibody [EPR13095] (ab181052; abcam; Lot GR3279442-1); https:/fwww.abcam.com/camkil-delta-
antibody-epr13095-ab181052 html; validated with CAME2D-knockout HEK-293T cell lyzate vs. wild-type HEK-293T cell lysate.

rabbit polyclonal anti-phospho-Thr287 CAMEI [beta, gamma, delta) antibodies (PAS-37833; Invitrogen, ThermoFisher Scientific; Lot
SK2476684; Lot TI2E55242); https:/fwww thermofisher com/fantibody/product/Phospho-Canill-beta-gamma-delta-Thr287-
Antibody-Polyclonal/PAS-37833; validated by cell treatment with ionomycin, which increased the specific signal; absent staining in
the presence of blocking peptide.

rabbit monoclonal anti-phospho-Thr286/287 CAMEZ (alpha, beta, gamma, delta) antibody (D21E4; 12716; CST; Lot 5); httpsy/f
wiww,cellsignal comy/products/primary-antibodies/phospho-camkii-thr 286-d2 1ed-rabbit-mab/12716; validated with cell extracts of E-
phosphatase-treated cells vs. untreated cells.

rabbit polyclonal anti-phospho-Thr305 CAMEZ (alpha, beta, gamma, delta) antibodies (Thr307 in mouse CAME2D) (Abnova
PAB29254; B1SA01040GO0470; Lot B630); https://www.abnova.com,/products/products_detail.aspTeatalog_id=PAB29254; validated
in western blot with 373 cells, which were treated without and with antigen-specific peptide.

rabbit monoclonal antl-Desmin antibody [Y66] (ab32362, abeam; Lot GR152193-45); https:y//www.abcam.com/desmin-antibody-y66-
cytoskeleton-marker-ab32362.htmil.

mouse monoclonal anti-ATPSA antibody [15H4C4] (ab14748; abcam; Lot GR3I23E328-3; lot GRIZN6993-21; Lot GRIZNE993-10);
https://www.abcam.comfatpSa-antibody-15hdcd-mitechondrial-marker-ab14748. html.

rabbit monoclonal antl-MLEL antibody (DEW1K] (mouse specific; 37705: C5T; Lot 4); httpsyfwww.cellsignal.com/products/primary-
antibodies/mikl-dow1k-rabbit-mab-mouse-specific/37705;

rabbit monoclonal anti-phospho-5345-MLKL antibody [EPRE515(2)] (ab 196436; abcam; Lot GR3334380-2, Lot GR3334380-4);
hittps:/fwww.abeam.com/mlkl-phospho-s345-antibody-epras152-ab 196436 html; validated by dot blot anabysis with phosphorylated
peptide vs. unphosphorylated peptide, which gave no signal, and by cell treatment with TMFalpha, SMac mimetic and z-WAD vs.
untreated cells, which gave no signal,

rat monoclonal anti-MLEL antibody [3H1] (ab243142; abcam; Lot GR3I357550-4); hitps:fwww.abcam.com/mikl-antibody-3h1-
ab243142 html.

mouse monoconal anti-phospho-5345 MLEL antibody (MABC1158, Clone 7C6.1; Lot 3471964; EMD Millipore Corporation); httpssfy
www.merckmillipore.com,/CH/de/product/Anti-phospho-MLEL-Ser345-Antibody-clone-7C6. 1, MM_NF-MABC1158; validated by cell
treatment with TNF+zVAD.

rabbit monoclonal anti-phospho-5358-MLKL (DEH3V) {mab Mo, 9168; Lot 4; CST); https:/fwww.cellsignal.com/products/primary-
antibodies/phospho-miki-ser358-deéh3v-rabbit-mak,/91689.

rabbit monoclonal anti-MLEL [D2IEN) {mab No. 14993; Lot 3; CST) https:/fwww.cellsignal.com/products/primary-antibodies/mikl-
d2iGn-rabbit-makby/ 14593,

rabbit polyclonal anti-RYR2 antibodies (Invitrogen PAS-77717; Lot X13697745; ThermoFisher Scientific); https:f
www.thermofisher.com/antibody/product/RyR2-Antibody-Polyclonal/PAS-77717.

rabbit polyclonal anti-phospho-Ser2&14 RYR2 antibodies [CABPDE24; Lot 3516978205; AssayGenie); hitps:/fwww.assaygenie.com/
phospho-ryr2-s2814-rabbit-polyclonal-antibody-cabp0624/,

mouse monoclonal anti-alpha-Tubulin antibody, done DM1LA (T6199; Sigma; Lot 029MA842Y); https:/fwww. sigmaaldrich.com,/CH/
de/product/sigma/t6199,

peroxidase-conjugated AffiniPure Flab')2 Fragment Goat Anti-Mouse IgG Fc gamma Fragment Specific [minimal crossreaction to
human, bovine and horse serum proteins) [115-036-071, Jackson ImmunoResearch Laboratories Inc., West Grove, USA; lot 151768;
lot 151642; lot 148365; lot 136859); https://www jacksonimmuno.com/catalog/products115-036-071.

peroxidase-conjugated AffiniPure Flab')2 Fragment Goat Anti-Rabbit IgG, Fc Fragment-Specific (minimal cross-reaction to human
serum proteins) (111-036-046; Jackson ImmunoResearch Laboratories Inc., West Grove, USA; lot 144587 lot 149886, lot 150552);
https:/fwww jacksonimmuno.comfcatalog/products/111-036-046.
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protein A, Peroxidase Conjugate (539253-1MG; EMD Millipore Corp. USA ; Lot 3192062 ; Lot K3595168); https://
www.merckmillipore.com/CH/de/product/Protein-A-Peroxidase-Conjugate,EMD_BIO-539253.

goat anti-Rabbit 1gG (H+L) Highly Cross-Adsorbed Secondary Antibody, Alexa Fluor 488 (A11034; Invitrogen by ThermoFisher
Scientific; lot 1937195); https://www.thermofisher.com/antibody/product/Goat-anti-Rabbit-IgG-H-L-Highly-Cross-Adsorbed-
Secondary-Antibody-Polyclonal/A-11034.

goat anti-Mouse I1gG (H+L) Cross-Adsorbed Secondary Antibody, Alexa Fluor 568 (A11004; Invitrogen by ThermoFisher Scientific; lot
1906485); https://www.thermofisher.com/antibody/product/Goat-anti-Mouse-lgG-H-L-Cross-Adsorbed-Secondary-Antibody-
Polyclonal/A-11004.

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in

Research

Laboratory animals

Wild animals

Reporting on sex

Field-collected samples

Ethics oversight

Mice were on a FVB/N background and C57BI/6N (B6) background, as indicated. All the mice were housed in groups of 2-4 in
individually ventilated cages under specified pathogen-free conditions with controlled ambient temperature (18-23 °C) and humidity
levels (40-50 %), a 12 h light-dark cycle, and ad libitum access to food and water. No randomization was performed in animal
experiments. The study used male and female mice, and investigated the phenotype of transgenic mice in comparison to age- and
sex-matched control mice, i.e., non-transgenic FVB mice and B6 mice as indicated at an age of 3-4 months and 8 months.

The study did not involve wild animals.

The study used male and female mice, and investigated the phenotype of male and female transgenic mice in comparison to age-
and sex-matched control mice, as indicated.

The study did not involve samples from the field.

The animal research study complies with all ethical regulations. All animal experiments were approved by the local committees on
animal research (Kantonales Veterindramt Zurich ZH215/2020, date of approval 15.03.2021; Kantonales Veterindramt Zurich 145-G,
approval 14.02.2013; Kantonales Veterinaramt Ziirich 126/2009, date of approval 04.08.2009; Medical Research Center (MRC), Cairo,
date of approval 02.01.2007).

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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