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Abstract

Background: Membrane contact sites (MCS) are fundamental for transmission and translation
of signals in multicellular organisms. A prime example is junctional membrane complexes (JMC)
in the cardiac dyads, where T-tubules are juxtaposed to the sarcoplasmic reticulum (SR). T-tubule
uncoupling and remodeling are well-known features of cardiac disease and heart failure. Even
subtle alterations in the association between T-tubules and the Junctional SR can cause serious
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cardiac disorders. Nexilin (NEXN) has been identified as an actin-binding protein and multiple
mutations in the NEXN gene are associated with cardiac diseases, but the precise role of NEXN in
heart function and disease is still unknown.

Methods: Nexn global and cardiomyocyte specific KO mice were generated. Comprehensive
phenotypic and RNA-seq and mass spectrometry analyses were performed. Heart tissue samples
and isolated single cardiomyocytes were analyzed by electron and confocal microscopy.

Results: Global and cardiomyocyte specific loss of AMexn7in mice resulted in a rapidly
progressive dilated cardiomyopathy. /n vivo and /n vitro analyses revealed that NEXN interacted
with junctional SR proteins, was essential for optimal calcium transients, and was required for
initiation of T-tubule invagination and formation.

Conclusion: These results demonstrated that NEXN is a pivotal component of the IMC, and is
required for initiation and formation of T-tubules, thus providing insight into mechanisms
underlying cardiomyopathy in patients with mutations in NEXN.

Introduction

Recent findings have highlighted the critical role of membrane contact sites (MCSs), regions
of close apposition between membranes of distinct intracellular organelles, in mediating
intra-organelle communication, upending the traditional view of intracellular organelles
floating freely within the cytoplasm like boats in a pond 1-3. It has become progressively
clear that endoplasmic reticulum-plasma membrane (ER-PM) contact sites are crucial for
many different biological processes involved in cell homeostasis and organismal health?-8.

In cardiomyocytes, specialized MCSs with an average gap size of 12nm between the plasma
membrane (also known as sarcolemma in muscle cells) and the highly specialized
endoplasmic reticulum (sarcoplasmic reticulum/SR), termed junctional membrane
complexes (JMCs), are essential for calcium ion (Ca?*)-induced Ca?* release(CICR), an
amplification of Ca%* signaling required to generate and maintain the rhythmic contraction
of the heart 212, In fetal cardiomyocytes the formation of the JMCs is dependent on the
junctional protein Junctophilin2 (Jph2)13. In adult cardiomyocytes, amplification of Ca2*
release is possible owing to a highly specialized network of sarcolemmal invaginations,
Transverse (T)-tubules that are closely associated with the SR in a dyad configuration®?.
CICR occurs when sarcolemmal depolarization activates L-type calcium channels (LTCCs),
causing an influx of Ca2* that triggers a much higher Ca?* release from the SR via type 2
Ryanodine Receptors (RyR2s) °. In cardiomyocytes, these highly specialized JMCs,
composed of clusters of LTCCs in the T-tubules, and RyR2 on the junctional SR are
specifically localized in the dyads'® 16, Optimal CICR requires proper formation of dyads
and association of other regulatory proteins with LTCC and RyR2. The dyads of the adult
cardiomyocyte are formed gradually during development in a highly orchestrated mannerl’.
Seminal to dyad establishment, T-tubule formation is initiated around postnatal day 5 (P5),
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as portions of the sarcolemma enriched in LTCC start to invaginate to become closely
associated with the RyR2-enriched SR.

T-tubule uncoupling and remodeling are well-known features of cardiac disease and heart
failure18-22, Even subtle alterations in the association between T-tubules and the Junctional
SR can cause serious cardiac disorders23. Despite the key role of T-tubule and SR coupling
for cardiac function, proteins required to initiate T-tubule formation are unknown. Here, we
identify Nexilin (NEXN) as a previously unsuspected component of the JMC and show that
it is essential for initiating the sarcolemma invaginations that lead to T-tubule formation in
postnatal cardiomyocytes.

Multiple mutations in NEXN are associated with cardiomyopathy in humans, and deficiency
of NEXN in zebrafish results in perturbed Z-disk stability and heart failure, highlighting a
significant role in cardiac function?* 25, Global loss of NEXN in mice leads to severe
cardiomyopathy and a reported endomyocardial fibroelastosis, resulting in perinatal death26.
In contradiction to the zebrafish model, no sarcomeric alterations in cardiomyocytes of Nexn
global knockout (gKO) mice were noted28. However, little is known as to specific role(s) of
NEXN in cardiomyocytes, or mechanism(s) by which loss of NEXN results in rapidly
progressive cardiomyopathy. Here, our findings reveal that NEXN, rather than being a Z-
disk protein as previously thought, interacts with SR proteins and is required for initiation of
T-tubule invagination and overall T-tubule formation. Our results demonstrate that NEXN is
required to form this structure that is critical for optimal contraction of cardiomyocytes and
normal heart function.

The data, analytical methods, and study materials will be made available to other researchers
for the purposes of reproducing the results or replicating the procedure. The sources of
reagents and detailed methods and any associated references are provided in the online-only
Data Supplement. List of primers and antibodies used are reported in Supplemental Tables 1
and 2. All animal studies were performed in accordance with the NIH Guide for the Care
and Use of Laboratory Animals2” and approved by the Institutional Animal Care and Use
Committee of the University of California, San Diego. The mouse line was generated as
previously described (Supplemental Figure 1)28. Neonatal and adult mice cardiomyocytes
were prepared as previously described?® 30, RNA-seq reads were mapped against the
Ensembl v91 mouse gene model (GRCm38) for counting reads and estimating gene
expression as described by Salmon3L. The DEseq2 package32 was used to evaluate the
reproducibility and perform differential gene expression analysis.

The survival of Nexn mice was estimated using the Kaplan-Meier method, and survival
curves were compared using the log-rank test. For all other statistics, values were expressed
as mean +/— SEM and statistical differences were tested by 2-tailed Student’s t-test. A value
of P <0.05 was considered statistically significant. All the analyses were performed with
GraphPad Prism software.
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Cardiomyocyte specific ablation of Nexn results in a rapidly progressive severe dilated
cardiomyopathy

To investigate the role of NEXN in cardiac function, we generated Nexn gKO mice by
crossing targeted mice containing NVexn floxed alleles (MVexr!f) with global deleter Sox2-cre
mice, resulting in complete loss of the protein (Supplemental Figure 1A-C). Global
deficiency of NEXN resulted in perinatal lethality. All Mexn gKO mice died before postnatal
day 12 (P12) exhibiting decreased body weight starting at 5 days after birth (P5). Heart
weight to body weight (HW/BW) and heart weight to tibial length (HW/TL) ratios were
significantly increased in gkKO mice compared to WT littermate controls (CTRL) starting
from P5 (Supplemental Figure 1D-F).

Transthoracic echocardiography revealed that global loss of NEXN resulted in increased left
ventricular diameter (Supplemental Figure 1H, I). Abnormal dimensions in the heart were
accompanied by reduced systolic cardiac function, as evidenced by a significant decrease in
fractional shortening percentage (%FS) in gKO mice. Although left ventricular dimensions
in NMexn gKO mice were not significantly changed compared to CTRLs at postnatal day 1
(P1), %FS was already reduced by 20% (Supplemental Figure 1G). To determine the starting
point of abnormal heart function, echocardiography at embryonic day 18.5 (E18.5) mice was
performed. No significant changes in %FS were observed between Nex/7/~ mice and WT
littermates at E18.5(Supplemental Figure 1G), indicating that defects in heart function
consequent to loss of NEXN began to develop after E18.5.

Gross anatomical characterization of KO mice confirmed severe cardiac enlargement
starting from P5 (Supplemental Figure 1J). Histological analysis of gkO hearts showed
severe left ventricular dilation starting from P5 with a progressive phenotype, leading to
thinning of the cardiac walls, clearly visible at postnatal day 10 (P10) (Supplemental Figure
1K).

Aherrahrou and colleagues reported that dilated hearts from Aexn gKO mice evidence
endomyocardial fibroelastosis, a thickening of the endocardium characterized by elastic
fibers and collagen 26, Although we similarly observed, from P7 onward, collagen positive
“mural masses” in left ventricles of Mexn gKO mice, further histological analyses revealed
an absence of elastic fibers, and presence of fibrin in these structures, suggesting they were
most likely intracardiac mural thrombi (Supplemental Figure 2, Supplemental Movie).

To confirm that the Mexn gKO cardiac phenotype resulted from specific loss of NEXN in
cardiomyocytes, we crossed Nex!f mice with cardiomyocyte-specific Xenopus laevis
myosin light-chain 2-Cre(XMLC2) transgenic mice 33. This XMLC2-Cre line specifically
drives Cre recombinase activity in myocardial cells (Supplemental Figure 3), our
echocardiography studies also showed that this XMLC2-Cre mouse line in the same genetic
background as that of our mouse models has normal cardiac function (Supplemental Figure
4). All Mexn cardiomyocytes specific KO (cKO) mice died before P12, with phenotypes
recapitulating those of gKOs (Fig. 1, 2; Supplemental Table 3). Thus, reduced body size and
weight, altered cardiac function, and resulting dilated cardiomyopathy (DCM) were all a
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direct consequence of NEXN loss in cardiomyocytes. Similar results were also obtained
crossing NVexri/f mice to cardiomyocyte-specific troponin T2 (CTNT) cre transgenic mice
(Supplemental Figure 5).

Loss of Nexilin alters Ca2*-handling gene and protein expression in the heart

To gain a better understanding of how loss of NEXN in cardiomyocytes leads to this rapidly
progressing severe DCM, we constructed RNA-Sequencing (RNA-Seq) libraries from
cardiac ventricles of mice at P1, a time prior to AMexn cKO mice develop DCM and found
that 74 genes were significantly altered in AMexn cKOs (Supplemental Figure 6, Fig. 3A).
Gene Ontology (GO) enrichment analysis identified the top biological processes or
molecular functions as extracellular structure organization, heart development, and Ca2*-
binding (Fig. 3B). Quantitative PCR (g-PCR) on samples from hearts of E18.5 mice
confirmed that expression of a set of Ca2*-handling proteins was altered in Aexn cKO mice
with respect to littermate CTRLS, suggesting SR stress. Among these genes, calsequestrin,
the main Ca%*-buffering protein of the SR, were significantly upregulated (Fig. 3C). To
further investigate possible involvement of Ca2*-handling machinery in the phenotype
resulting from cardiomyocyte-specific ablation of NMexn, we also performed mass
spectrometry on lysates from P1 cardiac ventricles. A total of 2456 proteins were identified
and quantified, with NEXN itself showing the most significant fold-change (Fig. 3D),
suggesting the feasibility of this strategy for identifying changes at the proteome level. 185
proteins were substantially altered in cKO hearts compared to those of CTRLs (Fig. 3D).
Consistent with results from RNA-seq, GO term enrichment analysis revealed proteins
involved primarily in regulation of muscle system (Fig. 3E), including 12 Ca2*-binding
proteins (Supplemental Table 4).

To investigate whether observed altered levels in Ca2*-binding proteins detected at P1 in
Mexn cKO hearts could be a primary cause leading to DCM, western blot analyses for some
of the major Ca2*-related proteins was performed on lysates from E18.5 hearts, a time just
prior to evident defects in cardiac function. Results demonstrated that RyR2, LTCC subunits
Cacnalc and Cacna2dl, Searc2, and Casqgl had altered expression levels in cKO hearts
relative to those in CTRLs (Fig. 3F, G). Interestingly, although mRNA levels of Casqz2, the
major calsequestrin isoform in the heart, were slightly upregulated, its protein levels were
not changed (Supplemental Figure 7) To further demonstrate that abnormal Ca2*-handling
protein expression preceded functional and structural changes in Nexn cKOs, an in vitro
model of acute Aexn ablation was utilized, treating primary neonatal Aexn/f cardiomyocytes
with a Cre-expressing adenovirus. Subsequent western blot analyses revealed changes in
Ca?*-handling proteins consistent with those obtained from E18.5 ventricles (Fig. 3H, 1).
These results suggested a mechanistic link between Ca2*-handling and DCM caused by loss
of NEXN.

Nexilin is crucial for Ca2* homeostasis in cardiomyocytes

To determine functional consequences of altered Ca2*-handling gene and protein expression,
we tested Ca?* flux in cardiomyocytes isolated from E18.5 Mexn cKO mice and littermate

CTRLs stained with the Fluo4 Ca2* indicator. Results from time-lapse confocal microscopy
showed that the amplitude of Ca%*-transients was significantly reduced, and the decay of the
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Ca?* transient (Tau) was slower in cKO cardiomyocytes (Fig. 4A-E). Since alterations in
Ca?* transients can either be a cause or consequence of heart failure34, we also studied Ca2*
transients in cardiomyocytes following acute loss of NEXN. Cardiomyocytes were isolated
from E18.5 Aexnff mice and transfected with adenovirus expressing Cre (Ad-Cre) or control
adenovirus expressing LacZ (Ad-LacZ). 24 hours following transfection, cells were stained
with Fluo4 and time-lapse confocal imaging performed. Similar to results obtained with
Nexn cKO cardiomyocytes, Ca2* transients in Ad-Cre Aexn/f cardiomyocytes were reduced
in amplitude, had increased duration, and prolonged decay relative to control Ad-LacZ
Nexn’f cardiomyocytes (Fig. 4F-J). These data supported the hypothesis that aberrant Ca2*-
homeostasis in cKO cardiomyocytes was most likely the cause, and not a consequence of
subsequently reduced cardiac output and progressive DCM.

Nexilin is a newly identified component of junctional membrane complexes in the cardiac

dyad

NEXN has been characterized in previous studies as a Z-disc protein and loss of NEXN in
zebrafish results in perturbed Z-disc stability 24. However, more recently it has been reported
that gkO of Aexn in mice does not alter sarcomere integrity or Z-disc structure 26, Likewise,
in our gKO and cKO models, these structures were not altered (Supplemental Figure 8A). In
adult heart, the terminal cisternae of the SR and T-tubules are localized to the Z-disc 35, and
we observed abnormal Ca2*-homeostasis in Aexn cKO cardiomyocytes. Following upon
these observations, we decided to further investigate NEXN’s precise localization in
cardiomyocytes, and its potential association with dyad proteins. To do this, we generated
three antibodies from three different epitopes. One of these antibodies, generated utilizing a
peptide encoded by exon 6, included in all NEXN isoforms, exhibited a signal in wildtype,
but not cKO tissue, either by western blot or by immunofluorescence (Supplemental Figure
1C, Supplemental Figure 8B). Utilizing this antibody, confocal microscopy revealed that
NEXN co-localized with the junctional SR protein Jph2 in both isolated neonatal
cardiomyocytes (when the Z-disc is already formed, but T-tubules and junctional SR are not)
and adult cardiomyocytes (when mature T-tubules and junctional SR localize along the Z-
discs), (Fig. 5A, B).

In further support of NEXN being localized to the IMC, western blot analyses of proteins
co-immunoprecipitated with NEXN from mouse heart lysates identified two major
junctional SR proteins (RyR2, Jph2), as possible binding partners of NEXN (Fig. 5C). Actin
was also co-immunoprecipitated with NEXN, consistent with previous studies8, but T-
tubule proteins Cacna2d1 and Binl, or the major Z-line protein alpha actinin, were not co-
immunoprecipitated with NEXN. To further validate these associations, we co-expressed
GFP-tagged NEXN and Flag-tagged Jph2 in HEK293 cells and expressed GFP-tagged
NEXN in a stable tetracycline inducible Ryr2-expressing HEK293 cell line37 and performed
pull-down experiments on cell protein extracts. Western blot analyses of pull-down results
confirmed that NEXN was co-immunoprecipitated with both Jph2 and RyR2 (Fig. 5D, E).
Western blot analyses also demonstrated that levels of Jph2, but not Binl, were significantly
reduced both in Nexn cKO heart tissue samples, and in the /n vitro model of acute Aexn
ablation (Fig. 5F-1). These findings indicated that NEXN was not a Z-disc protein and its
localization at the JMC reflected its association with junctional SR-proteins.
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Nexilin is essential for initiation of cardiac T-tubule formation

Considering NEXN association with JMC proteins, abnormal junctional protein expression
and impaired Ca2* transients in Aexn cKO cardiomyocytes, we investigated T-tubule
morphology. Cardiomyocytes were isolated from Aexn cKO and littermate CTRL mice at P5
and P10 and stained them with the T-tubule marker Di-8-ANNEPS 20, Live-imaging
confocal microscopy showed that membrane invaginations typical of initial T-tubule
formation were evident in P5 CTRL cardiomyocytes but were not observed in Aexn cKO
cardiomyocytes (Fig. 6A). Furthermore, in contrast to CTRL samples, organized T-tubules
were completely absent in P10 Aexn cKO cardiomyocytes (Fig. 6B). We also analyzed
formation of peripheral junctional membrane complexes at E18.5. At this stage, two types of
peripheral SR/Sarcolemma associations are present, one separated by a space of 30nm
(when the junctional membrane complex is forming), and the other by a space of 12nm
(when the junctional membrane complex is established) 13. Electron microscopy analyses
showed that in E18.5 Aexn cKO cardiomyocytes, when compared to CTRLS, 12nm
junctions were significantly decreased, while 30nm junctions were significantly increased
(Fig. 6C-E). These findings suggested impaired associations between the SR and
sarcolemma, and failure of sarcolemmal invaginations required to initiate T-tubule formation
in Aexn cKO cardiomyocytes.

Discussion

Mutations in NEXN are associated with cardiomyopathies and a first animal model in
zebrafish suggested NEXN as a sarcomeric protein localized to the Z-disc and involved in its
stability 24 25. More recently, Aherrahrou and colleagues reported that global KO of Nexnin
mice did not alter sarcomeric structure of cardiomyocytes, but resulted in severe DCM, with
aspects of endocardial fibroelastosis 28. Here, similarly, we found that Nex/7/~ mice
developed a severe, progressive DCM, with cardiac dysfunction first evident at P1, and
collagen positive “mural masses” evident by P7. However, absence of elastic fibers and
presence of fibrin suggested these masses were thrombi, rather than endocardial
fibroelastosis. Considering the early onset of DCM against the later onset of the thrombi, the
latter could not be considered a primary cause of altered cardiac function (Supplemental
Figure 1, 2). We found that cKO of Aexn in cardiomyocytes totally recapitulated phenotypes
observed in Mexn™~ mice (Fig. 1, 2), demonstrating that the DCM was a direct consequence
of NEXN loss in cardiomyocytes.

Investigating mechanisms underlying cardiac dysfunction in Nexn cKO mice, mass
spectrometry and western blot analysis of cardiac extracts showed that loss of NEXN
resulted in altered expression of Ca2*-handling proteins such as RyR2, the LTCC pore-
forming subunit Cacnalc, and Jph2. These data were confirmed utilizing an in vitro model
of acute NEXN loss (Fig. 3). Consistent with these observations, loss of NEXN in
cardiomyocytes resulted in abnormal Ca2* transients, characterized by reduced amplitude,
increased duration, and prolonged decay with respect to those of CTRLs (Fig. 4). Nexn cKO
mice also exhibited diminished cardiac contractility and rapidly progressive cardiomyopathy
and died before P12. Abnormal expression of SR proteins and changes in Ca2* transients are
manifestations of defects in EC-coupling and a hallmark of cardiac JMC dysfunction 38: 39,
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suggesting a potential role for NEXN in the specialized SR/T-tubule association necessary
for dyad formation.

Development of the dyads of the adult cardiomyocyte occurs in a gradual, highly
orchestrated manner. At embryonic day 9 (E9), early associations between the sarcolemma
and ER membranes with gap sizes of either 12nm or 30 nm are progressively observed at the
cell periphery13. At perinatal stages, newly formed SR cisternae enriched in RyR?2 at the cell
periphery are periodically arranged in association with the Z-disc#0: 41, Around postnatal
day 5 (P5), initiation of T-tubule formation occurs, as portions of the sarcolemma enriched
in LTCC start to invaginate to become closely associated with the RyR2-enriched SR. From
P10, these sarcolemmal invaginations penetrate more deeply within the cytoplasm, forming
mature T-tubules that are juxtaposed to the junctional SR with an average gap size of 12nm,

likely reflecting a requisite distance for physiological cross-talk between LTCCs and RyR2s
13

Proper dyad formation is essential for cardiac function, with even subtle alterations in
association between T-tubules and the Junctional SR causing serious cardiac disorders?3.
However, we know relatively little as to proteins orchestrating the development of this
highly specialized architecture. Initial formation of early ER-PM associations requires the
transmembrane ER/SR protein Jph242: 43, as global deficiency of Jph2 results in 90% loss of
the 12nM ER-PM associations at E9.5, with mutants dying around E10.5 13. In mature
cardiomyocytes, T-tubule architecture is modified by bridging integrator 1(Bin1). In
cardiomyocyte-specific Binl mutants, T-tubule distribution is not changed, but individual T-
tubules exhibit fewer folds and overall less membrane content, resulting in susceptibility to
arrhythmias in adult mice®4.

Although initiation of T-tubule development is a pivotal moment in mature dyad
development, little is known as to proteins required for this key event. Here, we
demonstrated through a series of observations that NEXN was a JMC protein required for
initiation of T-tubule development. Immunostaining with an antibody specific to NEXN at
P5 demonstrated that NEXN co-localized with Jph2 at the periphery, but was not present
throughout the Z-disc, as observed for the Z-disc protein a-actinin (Fig. 5), suggesting that
NEXN localized in the forming JMC and was not a Z-disc protein. Consistent with this,
proteomics and pull-down assays demonstrated that NEXN interacted with junctional SR
proteins Jph2 and RyR2 (Fig. 5C-E). Confocal analyses at P5 and P10 demonstrated that
loss of NEXN in cardiomyocytes resulted in absence of sarcolemmal invaginations required
to initiate T-tubule formation, and lack of T-tubule formation (Fig. 6A, B). It should also be
pointed out that, although we did not detect alterations in JPH2 immunostaining by confocal
microscopy in NEXN P5 cKO cardiomyocytes (Supplemental Figure 8), implying normal
SR structure, more in depth studies would be required to unequivocally determine whether
SR structures were changed in cKO cardiomyocytes.

Our data suggests a model in which NEXN is critical for two aspects of JMC formation in
cardiomyocytes. At E18.5, relative to CTRLS, NMexn mutant cardiomyocytes exhibited a
reduced proportion of the more closely apposed 12nm associations between the ER and
sarcolemma at the cell periphery (Fig. 7). At P5, NEXN mutants failed to develop
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sarcolemmal invaginations initiating T-tubule development, resulting in absence of T-tubule
development at P10 (Fig. 7).

Altogether, results presented in this study identify NEXN as an unexpected component of
JMCs in cardiomyocytes that is essential for T-tubule initiation and formation. Furthermore,
our studies given mechanistic insight into molecular pathways leading to cardiomyopathy in
patients with mutations in NEXN. It remains to be determined whether NEXN also plays a
central role in T-tubule/JMC remodeling during heart failure. Of note, NEXN protein levels
are not significantly altered in human cardiomyopathy or heart failure patients*?, or in
mouse heart two weeks following TAC (Supplemental Figure 9). However, these
observations do not exclude an essential role of NEXN in T-tubule/JMC remodeling during
heart failure. In fact, protein levels of RyR2, a major JMC protein and an interacting partner
of NEXN, are also not altered in heart failure, but RyR2 function is significantly diminished
due to post translational modifications 4648, Further studies are needed to determine the
potential role of NEXN in T-tubule/JMC remodeling during heart failure, and whether
NEXN may have roles other than T-tubule/JMC formation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Clinical Perspective
What is new?

. Cardiomyocyte specific KO of NMexrn results in a rapidly progressive severe
dilated cardiomyopathy.

. NEXN interacts with SR proteins, and is a previously unsuspected member of
the SR-sarcolemma junctional complex

. NEXN is required for initiation of T-tubule invagination and overall T-tubule
formation, with loss of NEXN leading to impaired calcium handling.

What are the clinical implications?
. Identification of NEXN as a new possible target for T-Tubule remodeling.

. Providing mechanistic insight into molecular pathways leading to
cardiomyopathy in patients with mutations in NEXN.
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Figure 1. Loss of NEXN in cardiomyocytes results in a progressive dilated cardiomyopathy.
(A) Kaplan-Meier survival curves for NEXN CTRL (n = 35) and cKO (n = 24) mice; (B, C)

Graphs showing (B) HW/BW (n=7-9 mice per time point) and (C) HW/TL (n=5-6 mice per
time point) in CTRL and cKO mice. (*) Statistically significant differences with P value <
0.05. (D) Representative whole heart images from postnatal day 1 (P1), 5 (P5) or 10 (P10)
mice. (E) Representative 4-chambers view Masson’s trichrome staining images of
longitudinal histological sections from the same stages. (F) Butterfly cut gross anatomy
showing the tridimensional organization of the organized thrombus in the left ventricle of the
cKO heart and the relative CTRL. (D-F) Scale bars 1mm.
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Figure 2. Cardiomyocytes-specific KO of NEXN results in reduced cardiac function.
(A-F) Representative echocardiographic M-mode images of NEXN mice: (A) P1 CTRL,

%FS 40, LVIDd 0.84mm, LVIDs 0.50mm, heart rate (HR) 297; (B) P5 CTRL, %FS 46,
LVIDd 1.42mm, LVIDs 0.76mm, HR 455; (C) P10 CTRL, %FS 49, LVIDd 1.96mm, LVIDs
1.03mm, HR 484; (D) P1 cKO, %FS 25, LVIDd 1.15mm, LVIDs 0.81mm, HR 410; (E) P5
cKO, %FS 9, LVIDd 3.40mm, LVIDs 3.08mm, HR 492; (F) P10 cKO, %FS 5, LVIDd
4.29mm, LVIDs 4.14mm, HR 422. (G-1) graphs representing echocardiographic
measurements from CTRL and cKO mice (n = 6-7 mice per time point): (G) % FS, (H)
LVIDd and (1) LVIDs. Echocardiographic parameters reported in Supplemental Table 3. (*)
Statistically significant differences with P value < 0.05.
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Figure 3. Abnormal expression of Ca2+-handling genes in NEXN cKO heart.
(A) Volcano plot of gene expression changes between CTRL and NEXN cKO P1 ventricles

(n = 3). Genes with adjusted P value < 0.05 and fold change > 1.5 or < 2/3 are considered as
significantly up- or down-regulated genes, and highlighted in red and green, respectively. (B)
GO enrichment analysis of differentially expressed genes by RNAs-seq. Number of genes
belonging to each category is indicated. BP: biological process, MF: molecular function. (C)
gPCR analysis of Ca2*-handling genes from E18.5 mouse ventricles (n = 4). (D) MA plot
showing the fold change of protein abundance against average MS/MS count assayed by
mass spectrometry from P1 mouse ventricles (n = 4). Blue dotted line: fold-change cutoff
selecting differentially expressed proteins. (E) GO enrichment analysis of differentially
expressed proteins by mass spectrometry. (F-H) Western blot representative images and (G-
1) quantification graphs of CaZ*-handling proteins from (F-G) E18.5 mouse ventricles (n =
4) and from (H-1) isolated neonatal NEXN cardiomyocytes treated with Ad-Lacz or Ad-
cre virus (n=6). (*) Statistically significant differences with P value < 0.05.
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Figure 4. Alteration of ca?* dynamics in NEXN cKO cardiomyocytes.
(A) Representative time-lapse confocal images (scale bars 1 sec), Ca2* transients

measuraments were performed at a pace of 0.5Hz; (B) representative Ca?* transient curve;
and (C-E) histograms showing results from quantifications of Ca2* transient (C) amplitude
(AF/F0) (D)transient decay (Tau) and (E) time to peak of live cardiomyocytes isolated from
E18.5 CTRL and cKO ventricles were labeled with Fluo4 (n=6 mice). (F) Representative
time-lapse confocal images (scale bars 1 sec); (G) representative CaZ* transient curve and
(G-J) histograms showing results from quantification of Ca2* transient (H) AF/F0 and (1)
Tau and (J) time to peak of E18.5 isolated neonatal cardiomyocytes NVexr!f treated with Ad-
Lacz and Ad-cre virus labeled with Fluo4 (n=6 mice). (*) Statistically significant differences
with P value < 0.05.
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Figure 5. NEXN localizes to the JIMC and interacts with junctional SR proteins.
(A) Representative confocal images of a P5 CTRL cardiomyocyte showing how NEXN in

green do not co-localize with a-actinin (a-act) in magenta, while co-localizing with Jph2 in
red; scale bars 10um. (B) Representative confocal images of an adult CTRL cardiomyocyte
in the lower panels showing dyadic localization of NEXN; scale bars 10um.Fig (C) Co-
immunoprecipitation of NEXN with putative binding partners using heart tissue lysates. (D)
Immunoprecipitation of GFP-tagged NEXN and Flag-tagged Jph2 co-expressed in HEK293
cells. (E) Immunoprecipitation of GFP-tagged NEXN and tetracycline (10 ug/ml, 24 hours)
induced RyR2 co-expressed in a stable tetracycline inducible HEK293 cell line expressing
RyR2. (F-H) Western blot representative images and (G-1) quantification graphs of Ca%*-
handling proteins from (F-G) E18.5 mouse ventricles (n = 4) and from (H-1) isolated
neonatal NEXN cardiomyocytes treated with Ad-Lacz or Ad-cre virus (n=6). (*)
Statistically significant differences with P value < 0.05.
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Figure 6. NEXN is indispensable for MCS stability and T-tubule formation.
(A-B) Representative live confocal images of (A) P5 and (B) P10 CTRL and Nexn cKO

cardiomyocytes stained with Di-8 Anepps; low magnification scale bars 10um, high
magnification scale bars 2um. (C-D) Representative electron microscopy (EM) images of
E18.5 mouse heart ventricles showing the two different types of junctional complexes
between the sarcolemma and the SR membrane with gap sizes of about (C) 12 and (D) 30
nm; scale bars 50nm. (E) MCS occurrence quantification. Data were obtained from EM
analysis of heart ventricle cardiomyocytes from Nexn cKOs and CTRLs E18.5 (n=3); for the
Nexn cKO, 689um of sarcolemma length were analyzed; for the CTRL 876um of
sarcolemma length were analyzed. (*) Statistically significant differences with P value <
0.05.
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Figure 7. Model for NEXN role in cardiomyocytes.
At prenatal stage, NEXN is essential for the establishment of the JMCs. During neonatal

stage (around P5), NEXN stabilization of the JMC allow the PM/SR tethering and PM buds
start to invaginate inside the cell. Later in the development (around P10), the proper
formation of JIMCs leads to the deeper invagination of the forming T-tubules and the
maturation of the dyads. Indeed, in cardiomyocytes lacking NEXN, the decrease of 12nm
gap size junctions is observed. Furthermore, absence of NEXN prevent the sarcolemmal
invaginations at P5 followed by a non-formation of T-tubules at P10. Finally, as a result of
the altered membrane network, loss of NEXN in cardiomyocytes induce EC-coupling
defects accompanied by severe DCM.
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