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Abstract

Background: During cardiomyocyte (CM) maturation, the centrosome, which functions as a
microtubule organizing center (MTOC) in CMs, undergoes dramatic structural reorganization
where its components reorganize from being localized at the centriole to the nuclear envelope.
This developmentally programmed process, referred to as centrosome reduction, has been
previously associated with cell cycle exit. However, understanding of how this process influences
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CM cell biology, and whether its disruption results in human cardiac disease, remains unknown.
Here, we study this phenomenon in an infant with a rare case of infantile dilated cardiomyopathy
(iDCM) who presented with left ventricular ejection fraction of 18% and disrupted sarcomere and
mitochondria structure.

Methods: We performed an analysis beginning with an infant patient who presented with a rare
case of iDCM. We derived induced pluripotent stem cells (iPSCs) from the patient to model iDCM
in vitro. We performed whole exome sequencing on the patient and his parents for causal gene
analysis. CRISPR/Cas9 mediated gene knockout and correction in vitro were used to confirm
whole exome sequencing results. Zebrafish and Drosophila models were utilized for /n vivo
validation of causal gene. Matrigel mattress technology and single cell RNA-sequencing were
used to further characterize iDCM-CMs.

Results: Whole-exome sequencing and CRISPR/Cas9 gene knockout/correction identified the
centrosomal protein rotatin (RTTN) as the causal gene underlying the patient’s condition,
representing the first time a centrosome defect has been implicated in a non-syndromic

dilated cardiomyopathy (DCM). Genetic knockdowns in zebrafish and Drosophila confirmed an
evolutionarily conserved requirement of RTTN for cardiac structure and function. Single cell
RNA-sequencing of iDCM-CMs showed impaired maturation of iDCM-CMs, which underlie

the observed CM structural and functional deficits. Interestingly, we also observed persistent
localization of the centrosome at the centriole, contrasting with expected programmed perinuclear
reorganization, which led to subsequent global microtubule network defects. Finally, we identified
a small molecule that restored centrosome reorganization, and improved the structure and
contractility of iDCM-CMs.

Conclusions: This study is the first to demonstrate a case of human disease caused by a

defect in centrosome reduction. Further, we uncovered a novel role for R77N in perinatal cardiac
development, and identified a potential therapeutic strategy for centrosome-related iDCM. Future
study aimed at identifying variants in centrosome components may uncover additional contributors
to human cardiac disease.
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Introduction:

Infantile dilated cardiomyopathy (iDCM) is a rare condition of multiple etiologies which
causes significant morbidity and mortalityl=. Of the studied infantile cardiomyopathies,
dilated cardiomyopathy is the most prevalent, responsible for approximately 50% of
infantile/pediatric cardiomyopathy cases?. Such cases are particularly difficult to manage,
and many will necessitate heart transplant as the final management approach?2. Given the
lack of donor hearts available, particularly in the infant demographic, there is thus a
significant need to better understand the etiology of iDCM for development of tools for
identification and targeted approaches for effective therapeutics.

Previous studies have suggested that 27-54% of iDCM cases have a genetic component®S.
Common mutations in genes related to sarcomere structure, such as MYH7, MYBPC3 and
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TNNT2, nuclear envelope, such as LMNA, and cytoskeleton, such as DES and DMD, have
described previously#-8. Increased widespread genetic testing abilities have begun to help
identify novel classes of genes suspected to be responsible for iDCM, greatly expanding our
understanding of the etiology of this condition.

Here, we describe a male infant who presented with infantile dilated cardiomyopathy
(iDCM) with a left ventricular ejection fraction of 18% (Figure S1; Supplemental Clinical
Information). He underwent a successful heart transplant and does not presently exhibit
any neurocognitive or neuromuscular deficits. The infant was born to non-consanguineous
parents without a family history of cardiomyopathy. An endomyocardial biopsy and
transmission electron microscopy (TEM) of the infant’s heart revealed cardiomyocytes
with shortage of myofilament structures, pleomorphic mitochondria, and indistinct Z-lines
(Figure 1a). Given that multiple aspects of cardiac structure and function were significantly
affected shortly after birth in this case of iDCM, we were interested in further investigating
whether this patient’s condition had a genetic etiology.

Please refer to Supplemental Material for detailed methods and information on statistical
tests.

Human iPSC lines were generated from healthy control subjects using an episomal approach
and validated previously®-11. All protocols were approved by the Vanderbilt University
Institutional Review Board and informed consent was given.

All data and methods used in analysis will be made available to any researcher upon request.
scRNAsequencing data has been deposited in Gene Expression Omnibus (GSE184899) and
full code can be found at: https://github.com/miyamoto5/cDCM.

An iPSC model recapitulates iDCM phenotype

A male infant presented with infantile dilated cardiomyopathy (iDCM) with a left
ventricular ejection fraction of 18% (Figure S1; Supplemental Clinical Information). He
underwent a successful heart transplant and does not presently exhibit any neurocognitive
or neuromuscular deficits. We first sought to test the hypothesis that this case of infantile
dilated cardiomyopathy (iDCM) had a genetic etiology by deriving induced pluripotent
stem cells (iPSCs) from the infant patient (Figure S2a,b) and generating iPSC-derived
cardiomyocytes (CMs) (Figure S2c,d). Two independent iPSC lines were generated from
the patient (Figure S2) and were compared to two independent iPSCs lines from healthy
donors1%-12, Compared with CMs from healthy donors, the iDCM-CMs exhibited profound
sarcomere defects (Figure 1b), recapitulating the cardiac defects seen in the explanted heart
(Figure 1a). Furthermore, immunofluorescence imaging demonstrated that iDCM-CMs had
disorganized z-lines when compared with control-CMs (Figure 1c; Figure S3a-b). Cell
area of iDCM-CMs was significantly decreased compared to Control-CMs (Figure S3c).
The iDCM-CMs from two independent iPSC lines exhibited reduced contractility compared
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with controls (~8% shortening versus ~11%, respectively; p< 0.01; Figure 1d) on Matrigel
mattress shortening analysisC.

To observe mitochondrial morphology of iDCM-CMs, we first visualized via TEM and

we observed grossly dysmorphic mitochondria (Figure 1e). We then stained control- and
iDCM-CMs with the vital mitochondrial dye MitoTracker. MitoTracker staining of healthy
control-CMs revealed interconnected networks of elongated mitochondria. In contrast and
consistent with our TEM findings, mitochondria in the iDCM-CMs were grossly abnormal,
often appearing globular and punctate (Figure S3d). Staining with tetramethylrhodamine
(TMRM), a vital dye that measures the mitochondrial membrane potential, indicated that
iDCM-CMs had decreased mitochondrial membrane potential compared with control-CMs
(Figure 1f). Additionally, proliferation of iDCM-CMs was increased when compared to
control-CMs at differentiation day 21 and 36 (Figure S3e). This recapitulation of the
patient’s phenotypic and functional deficits by patient-derived CMs indicates a genetic root
cause for the patient’s iDCM.

Mutations in RTTN cause iDCM

To identify the causal mutation underlying this case of iDCM, we carried out whole-
exome sequencing analysis of the patient and his parents. This analysis did not reveal
pathogenic or likely pathogenic variants in any of the 123 genes known to be associated
with cardiomyopathy (Supplemental Table 1). Given the lack of a family history of
cardiomyopathy and the nonconsanguinity, we hypothesized that the causal mutation(s)
were either a de novo autosomal dominant mutation or rare compound heterozygous
recessive mutations. Based on this hypothesis, we filtered variants based on a read depth
>4 for quality and excluded synonymous variants. This resulted in 258 indels and 13,632
SNPs as candidate mutations (Figure S4). Next, variants that were not rare (minor allele
frequencies >0.1%) and variants where both parents were heterozygous carriers or either
parent was homozygous were excluded, resulting in 37 indels and 215 SNPs as candidates.
Finally, a three-fold filter of functional prediction (exclusion of benign prediction using
polyphen2), expression in CMs or heart tissue and validation by Sanger sequencing yielded
a single candidate gene, R77TN (encoding rotatin). The R77/N mutation consisted of an
in-frame deletion (removing amino acid residues p.1921-1925) inherited from the mother
and a G1321D missense mutation inherited from the father (Figure 2a, Figure S4, and
Supplemental Table 2). We confirmed that the iPSCs derived from the patient were
heterozygotes were 50/50 using Sanger Sequencing (Figure S4b). Further, we included

a schematic and a model!3 of Rotatin with annotations of predicted functional domains,
armadillo domains, and polar domains (Figure S4c).

To confirm R7TTN as the causal gene, we used CRISPR/Cas9 technology to generate knock-
out (KO) and gene-corrected (GC) iPSCs (Figure S5a). For KO iPSCs, we designed a
CRISPR/Cas9 single-guide RNA (sgRNA) targeting a protospacer-adjacent motif (PAM)
site N-terminal to the region corresponding to p.G1321D in exon 29 of R7TN (Figure

S5b). Using this sgRNA, we generated four 77N KO lines from isogenic control iPSCs
containing indels, which were then confirmed by Sanger sequencing (Figure S5c). To
generate GC iPSCs, we designed another CRISPR/Cas9 sgRNA close to the p.G1321D
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missense mutation (Figure S5¢) and the repair template to correct this mutation by
homology-directed repair (Figure S5d). To ensure that the GC lines were indeed corrected,
the repair template had a silent G—A mutation in the PAM site in order to prevent cleavage
by Cas9 as a molecular signature for missense repair (Figure S5d). We generated several
gene-corrected (GC) isogenic lines from the iDCM-1 iPSC line in which the variant adenine
(A) at position n.3962 was corrected to the reference guanine (G) (Figure S5e). The KO

and GC lines contained no alterations at any of the potential off-target sites (Supplemental
Table 3 and 4), and each of the lines were confirmed for stemness (Figure S6a) and
cardiomyogenic potential (Figure S6b).

Transmission electron microscopy ultrastructural studies of KO and GC-CMs at day 45 of
cardiac differentiation revealed disorganized sarcomere structures with severely disrupted
Z-lines in the KO-CMs when compared to control-CMs (Figure 1b; Figure 2b). By contrast,
GC-CMs resembled the control-CMs, exhibiting well-organized sarcomere structures with
intact Z-lines (Figure 1b; Figure 2b). Immunofluorescence analysis revealed that the KO-
CMs exhibited sarcomere disarray and disorganized Z-lines similar to the iDCM-CMs
(Figure 2c; Figure 1c), whereas sarcomeres and Z-lines were largely restored in the GC-CMs
(Figure 2c; Figure 1c), similar to the control-CMs (Figure S7a—b). MitoTracker staining
revealed dysmorphic, punctate mitochondria in the KO-CMs (Figure 2c), similar to those
observed in the iIDCM-CMs. In contrast, the GC-CMs exhibited interwoven networks of
elongated mitochondria, as observed in the control-CMs (Figure 2c). Importantly, KO-CMs
from two independent KO iPSC lines exhibited weakened cell shortening (~5-8%), similar
to that observed in the iDCM-CMs (~8%) (Figure 2d). In contrast, cell shortening was
restored in GC-CMs from three isogenic GC lines generated from the iDCM-1 iPSC line
(Figure 2d) and was comparable to that of the control-CMs. Moreover, TMRM staining
indicated a marked reduction in the mitochondrial membrane potential in the KO-CMs
(Figure 2e; Figure S7b), comparable to that observed in the iDCM-CMs, whereas the
mitochondrial membrane potential was restored in the GC-CMs (Figure 2e; Figure S7b).
Additionally, the increased proliferation capacity observed in iDCM-CMs was seen in KO-
CMs, while GC-CMs displayed normal levels of proliferation (Figure S7c). Taken together,
these data demonstrate that 77N is the causal gene for the sarcomere and mitochondrial
defects observed in the iDCM patient.

Previous studies found that a distinct set of homozygous recessive mutations in R7TN
cause congenital brain defects including microcephalyl4-19. Although the iDCM patient had
no neurocognitive deficits, we investigated whether there were defects in mitochondrial
morphology and function in astrocytes and neurons derived from control and iDCM
iPSCs20. We found no apparent morphological or mitochondrial membrane potential
differences between iDCM and control iPSC- derived astrocytes and neurons (Figure S8a, b,

c).

RTTN mutation leads to dilated cardiomyopathy in multiple in vivo systems

We next asked whether R7T 7N plays an evolutionarily conserved role in the heart through
genetic knockdowns/knockouts in multiple /n vivo systems. We first examined zebrafish
embryos as they are particularly well suited for studying gene function during cardiovascular
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development?L. Following knockdown of 77N in developing zebrafish embryos, through
morpholino (MO) and CRISPRI, which inactivates target gene transcription22, a significant
percentage of embryos at 48 hours post-fertilization displayed a large pericardial edema
(Vehicle = 8.4%; CRISPRIil = 55.3%, CRISPRIi2 = 57.9%, MO = 45.6%), a reliable marker
of heart failure in zebrafish (Figure 3a). In addition, CRISPRi and MO-injected embryos
exhibited abnormal developmental morphologies including abnormal heart looping (Figure
S9a,b), in agreement with previous studies of global knockout of Rotatinin mice?3. A
small but significant number of fish exhibited microcephaly (Figure S9c,g). However, there
were no significant increases in the occurrence of hydrocephaly, spinal curvature, or short
body axis (Figure S9d-f). After verifying successful knockdown of R77N in zebrafish
embryos via RT-qPCR (Figure S10a,b), we were then interested in if sarcomere structure
was disrupted in developing zebrafish embryos. Interestingly, upon staining with F-Actin,
we saw regions of sarcomere malformation in knockdown embryos (both morpholino and
CRISPRI), suggesting R7 7N plays an important role in sarcomere development (Figure
S10c). Use of a mitochondrial GFP tag in zebrafish suggested disruption of mitochondria in
RTTN morphants, in line with our previous findings (Figure S10d)

Due to the co-occurrence of heart looping and pericardial edema in zebrafish, we used the
Drosophila system, which has been established as an excellent model in which to study
dilated cardiomyopathy?42> and does not have a looped heart tube, to determine more
specifically whether R77TN is associated with dilated cardiomyopathy. The human R7TN
gene has a highly conserved and unique fly homolog called ana3?5. We obtained ana3
mutant flies with P-element insertions 3 BPs upstream of the initiating ATG, resulting in a
null phenotype. The ana3 mutant flies were viable but died quickly after eclosion. Staining
of structural actin with phalloidin determined that there was no significant difference
between ana3 mutant and control embryos (Figure 3b; Figure S11a). Immunostaining

for actinin, a protein localized normally in Z-lines, revealed that actinin structures were
almost completely abolished (p <0.01) in both ana3 heterozygous and homozygous mutant
Drosophila hearts (Figure 3b; Figure S11b). These findings demonstrate the importance of
ana3for heart structural development.

Given the severe structural deficits in cardiac filaments observed in the hearts of both ana3
mutants, we used optical coherence tomography to investigate whether these mutations
affected cardiac contractile function. M-mode scans were selected at the maximum diastolic
event for each genotype. Cross-sections of the heart tube obtained in this way showed a
significantly increased end-diastolic dimension (EDD) in the ana3homozygote fly hearts,
but not in the ana3 heterozygote mutant hearts (Figure 3c). The M-mode orthogonal heart
views provided precise and real-time measurements of the heart tube diameter and heart
rate. Compared with control embryos, both ana3 heterozygous and homozygous mutant flies
showed significantly reduced fractional shortening (FS) (Figure 3c).

In addition to the heart defects in Drosophila, we also observed that the brain lobes of
homozygous ana3 deficient third instar larvae appeared smaller than those of control larvae
(Figure S12), similar to the phenotype observed in patients with microcephaly due to R7T7TN
variants14-19, Statistical analysis confirmed that ana3homozygous larvae had significantly
reduced brain volume compared with WT larvae (Figure S12). The ana3heterozygous larvae
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showed only a slightly early ventral nerve cord dissociation phenotype (data not shown),
suggesting that R77/N may have important functions in multiple organs. These data suggest
evolutionarily conserved roles for 77N in cardiac development, structure, and function.

Impaired maturation of iDCM-CMs revealed by scRNA-seq

Based on the developmental age (3 months, perinatal) of the patient when the iDCM first
presented and the broad set of phenotypic defects modeled in our iPSC-CM system, we
suspected that CM maturation might be involved in the etiology of the iDCM. ScCRNA-seq
has emerged as an extremely powerful tool to study and analyze CM maturation dynamics.
Thus, we designed a scRNA-seq study aimed at testing the hypothesis that CM maturation
is affected in iDCM. We performed scRNA-seq on d35 control and iDCM-CMs using the
10X chromium platform. After quality control and filtering of non-CMs (TNNT2~ /MYH6"~
clusters) and cells undergoing the cell cycle, we began analysis of 4,671 control and 1,080
iDCM-CMs. We then performed differential gene testing of the control and iDCM cells,
and found that 275 genes were significantly downregulated and 618 genes were significantly
upregulated in the iDCM-CMs. We began our analysis of these genes by investigating the
expression of a broad set of genes previously shown to be associated with and important

to CM maturation that were consistently downregulated in iDCM-CMs (Figure 4a). To
determine the affected pathways, we then performed gene ontology (GO) enrichment
analysis on the iDCM-CMs and found that terms related to processes essential for heart
maturation and function, such as sarcomere organization, cardiac muscle contraction,
electron transport—coupled proton transport, and cardiac myofibril assembly, among others,
were downregulated in iDCM-CMs (Figure 4b), while GO terms related to glycolysis,

and apoptosis were enriched (Figure 4b). Finally, we used a recently published maturation
scoring metric2”, which provides an unbiased approach to determining the maturation status
of CMs based on transcriptomic entropy of each CM. Our analysis showed an increase

in transcriptomic entropy, corresponding to a decrease in maturity, of iDCM-CMs when
compared with control-CMs (Figure 4c). Taken together, these data support that CM
maturation is impaired in the iDCM-CMs.

Defective centrosomal reduction in iDCM

During CM differentiation and maturation, the centrosome is known to undergo dramatic
changes which include unpairing or “splitting” of the centriole, disappearance of certain
pericentriolar proteins like CEP135, and the re-localization of other pericentriolar proteins,
such as pericentrin (PCNT) and pericentriolar material 1 (PCM1), to form a MTOC at the
nuclear envelope28-30. The transition of PCNT during CM differentiation involves a key
isoform switch (from PCNT-B to PCNT-S), which contributes to postnatal cell cycle arrest
through the preferential expression of PCNT-S in the perinuclear centrosome3.

Rotatin (encoded by R7TN) is known to be a centrosomal protein in both Drosophila (ana3)
and humans, and has been previously shown to be involved in regulation of centrosome
structure32:33, Based on this and the observed CM maturation defect in the iDCM-CMs,

we then asked if developmentally programed centrosomal changes associated with CM
maturationZ8-30, were disrupted in the iDCM-CMs. Although we could not localize rotatin
to the centrosome using commercially available rotatin antibodies (see Supplementary
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Methods), we demonstrated its centriolar localization in HEK293 cells using SASY34, a
polyclonal antibody directed against the N-terminus of rotatin (Figure S13). Additionally,
using SASY, we detected rotatin in the centrosomes of iPSCs and CMs actively in

mitosis (Figure S13). Based on SASY immunostaining, there were no differences in rotatin
localization between iDCM and control cells.

As previously described?®, in control iPSCs, PCNT colocalizes with the centriolar
component y-tubulin (Figure S14a), but as iPSC-CMs mature, both PCNT and PCM1
become largely perinuclear (Figure 4d Figure S14a,b), indicating that centrosome reduction.
By contrast, in the iDCM-CMs, both PCNT and PCM1 localization remained mostly
centriolar (Figure 4d; Figure S14b), suggesting that this process is impaired in RTTN
mutant CMs. Importantly, we did not observe any significant changes in primary cilia
length (Figure S14c). We then investigated whether reorganization of the centrosome

is affected in KO-CMs and recovered in GC-CMs. Interestingly, we saw a decrease in
perinuclear localization of the centrosome in KO-CMs when compared to control-CMs
(21.6% in control-CMs compared to 6.6% in KO-CMs) and an increase in perinuclear
centrosome in GC-CMs when compared to iDCM-CMs (7.3% in iDCM-CMs compared to
27.7% in GC-CMs) (Figure S15a). To determine if these changes in centrosome structure
were linked to proper sarcomere development, we quantified the proportion of CMs that
displayed concordant centrosome and sarcomere state (reduced centrosomes with mature
sarcomeres and unreduced centrosomes with immature sarcomeres). Our quantification
showed significant levels of concordance in control, iDCM, and GC-CMs (Figure S15b),
showing that the process of centrosome reduction is linked to proper formation. Taken
together, these results suggest that rotatin is essential for reorganization of the centrosome
during cardiomyocyte development.

Following centrosomal changes in striated muscles, the nuclear envelope, which contains
PCNT and PCM1, acts as the dominant microtubule organizing center (MTOC)30.
Microtubules play a critical role in CMs, providing structural integrity, organizing sarcomere
components, and serving as a mitochondrial highway system throughout the CM. As we
observed defects in centrosomal reorganization in R77N mutant CMs, we examined whether
microtubule networks in iDCM-CMs were also disrupted. In iPSCs, we did not observe

any gross differences in microtubule structures in control and iDCM-iPSCs immunostained
for a-tubulin (Figure S16a). However, after cardiac differentiation, significant disruptions

in the microtubule networks of the iDCM-CMs were frequently observed. Instead of the
prominent meshwork of thick microtubule fibers emanating from the perinuclear region
observed in control-CMs (Figure 4e), the iDCM-CMs displayed much thinner, shorter,

and less distinct microtubule fibers without a clearly organized center (Figure 4e; Figure
S16b-d). We also observed defects in the microtubule networks of ana3 Drosophila mutant
hearts. Interestingly, the tubulin assembly pattern revealed by immunostaining for acetylated
alpha-tubulin (Ac-tubulin) was partially lost in ana3*'~ fly hearts and was severely disrupted
in ana3™'~ fly hearts compared with control fly hearts (Figure S11c). These results support
the hypothesis that mutations in R77/N affect CM structure and function through impaired
centrosome reduction and consequent disruption of the microtubule network (Figure S16e).
Further, microtubule regrowth assays showed that iDCM-CMs retain the ability to regrow
microtubule networks after cold mediated disassembly (Figure S17).
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Small-molecule treatment rescues impaired maturation-related iDCM in the iPSC model

There are currently no therapeutic agents specifically for iDCM. We were therefore
interested in testing whether ameliorating the CM maturation defect would be sufficient

to rescue the structural and functional defects present in iDCM. As developmentally
programmed centrosome changes are impaired in iDCM-CMs, we treated them with a small
molecule, C193° (Figure 5a) that was previously shown to induce centrosome reduction in
CMs?8, Interestingly, treatment with C19 facilitated improved initiation of the perinuclear
MTOC in iDCM-CMs (Figure 5b). Moreover, the improved sarcomere formation (Figure 5c)
in the C19-treated iDCM-CMs demonstrated that structural aspects of CM maturation were
significantly improved. Excitingly, we also observed that contractility, a functional metric
of CM maturation, was significantly improved in C19-treated iDCM-CMs (Figure 5d), with
comparable levels of cell shortening in the treated iDCM-CMs and in healthy control-CMs.
These results suggest that developmental centrosomal reorganizations are necessary for
functional aspects of CM maturation to occur (Figure 5¢). Though the extent to which
centrosome reduction is affected in other cases of iDCM remains unknown, facilitation

of this process seems to be sufficient to rescue CM defects in this particular case of
centrosome-mediated iDCM, and insights gained from this opens the door for potential
pharmacological treatments for iDCM in the future.

Discussion:

Centrosomes are dynamic organelles that undergo a type of programmed reorganization,
termed as centrosome reduction?®, during cardiac differentiation. To our knowledge, this
study is the first to report a defective centrosome component as the cause of nonsyndromic
cardiomyopathy in humans (a syndromic cause of variable cardiomyopathy is observed

in Alstrom syndrome36). Mutations in the centrosome component R7 7N resulted in CM-
specific defects in centrosomal reorganization during cardiac maturation. In the mutant CMs,
the failure of the centrosome to reorganize and establish the nuclear envelope as the major
microtubule organizing center results in a profoundly defective microtubule network (Figure
4e). As the microtubule cytoskeleton is critical for the maintenance of cellular structures
37-39 including vital roles in mitochondrial motility, fission, and fusion0-42, a defective
microtubule network could be responsible for both the mitochondrial and sarcomeric
defects observed in RT7N mutant CMs, resulting in defective mitochondrial respiration

and contractility.

The precise role of R7TNin the cardiac centrosome is presently unknown, and it is

unclear why the R77N mutations described here only cause cardiac defects, in contrast

to other published R7 7N mutations, which cause CNS defects associated with centrosome
amplification33:3443 though there was at least one known patient carrying a /7 7/ mutation
with a restrictive cardiomyopathy in addition to a co-occurring CNS defect34. Given the
highly dynamic R7 7N localization noted using SASY and the importance of alternative
splicing in PCNT transition during cardiac differentiation3!, we hypothesize that RTTNV
may likewise undergo substantial alternative splicing, resulting in tissue-specific isoforms
with distinct roles in centrosome dynamics that may affect the development of specific
organs. Although much attention has been paid to the association of centrosome reduction
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with cell cycle arrest, our study demonstrates that tissue-specific and developmentally
programmed centrosome reorganization is essential for proper CM structure and function.
As centrosome dynamics play fundamental roles in CM cell cycle exit, structure, and
function, a better understanding of this tissue-specific, developmentally programmed process
will be highly relevant to cardiac regenerative therapy efforts. Future studies in /7 vivoand
cardiac organoid®* systems will be essential for expanding our understanding of centrosome
reduction.

Supplementary Material

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

. In this study, we incorporate iPSCs, CRISPR/Cas9, whole exome sequencing,
single cell RNA sequencing, and multiple /n vivo models to uncover
biological insights from a case of infantile dilated cardiomyopathy.

. We identified compound heterozygous mutations in the centrosomal
component rotatin (RTTN) as the causal gene for infantile dilated
cardiomyopathy through dysregulating a process known as centrosome
reduction in human cardiomyocytes.

. Such defects in centrosome reduction have implications of broad
cardiomyocyte biology — sarcomere structure, mitochondrial dynamics,
cell cycle — and are caused by disorganization of microtubule networks,
highlighting a non-canonical role of the centrosome in cardiomyocyte
biology.

What are the clinical applications?

. Infantile dilated cardiomyopathy has multiple etiologies, and this study links
a novel gene (R7TN) and a relatively unstudied developmental pathway
(centrosome reduction) to human heart disease for the first time.

. We highlight a multi-pronged approach to uncover the biological etiology of
infantile dilated cardiomyopathy to identify therapeutic targets to overcome
the defect — a paradigm we believe is applicable across disciplines and fields
to discover cures to human disease.
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Figure 1. CMs derived from the iDCM patient’s iPSCs recapitulate cardiac defects.
a, TEM images of hearts. Left, TEM of normal heart showing well-organized myofilaments,

distinct Z-lines (Z; arrowheads) and mitochondria (Mito) with distinct cristae. Right, EM of
the iDCM patient’s heart showing severely disorganized myofibrils with indistinct Z-lines
and dysmorphic mitochondria (Mito) without appreciable cristae. Scale bar = 1 pm. b,
iPSC-CM from a healthy control exhibiting organized myofilaments with distinct Z-lines (Z;
arrowheads) (top), whereas the iPSC-CM derived from the iDCM patient (bottom) exhibit
disorganized myofibrils without distinct Z-lines (Z). Scale bar = 0.5 pm. ¢, Representative
immunofluorescence images of a-actinin staining of control (top) and iDCM (bottom)
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CMs. Scale bar = 10 um. d, Compared with control-CMs derived from 2 independent
healthy control iPSC lines (Control-1, —2), iDCM-CMs from 2 independent iPSC lines
(iDCM-1, -2) exhibited significantly reduced cell shortening (~11% vs ~8%). p value by
one-way ANOVA and post-hoc Tukey *p < 0.01, **p < 0.05. h = 28 Control 1-CMs,

39 Control 2-CMs, 59 iDCM 1-CMs, 48 iDCM 2-CMs. Center line = median; whiskers

= 1.5IQR. e, TEM images of iPSC-CMs focused on mitochondria. Left, mitochondria of
control iPSC-CMs are easily distinguishable and have distinct cristae, whereas mitochondria
(arrowheads) from iDCM-CMs appear larger and swollen, without clear cristae. Scale bar =
0.5 um. f, Fluorescence-activated cell sorting analysis demonstrating that iDCM-CMs have
quantitatively lower TMRM uptake and hence lower mitochondrial membrane potentials
than control iPSC-CMs. TEM images of CMs were acquired at 45 days of differentiation.
Other studies were done at 35 days of differentiation.

Circulation. Author manuscript; available in PMC 2024 April 25.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Chun et al.

a

Proband and Mother S’V..G\’I}T A’II'T S D Sy s G(;\Cv..a’

Father 5/ GTT ATT AAA GAG TTA AGC ATT GCC..3’
v I K E L S I A

Proband and Father 5’....T’1‘C ATG GGA AAA GAT GTT ACAAAG3’
F M G K T K

Mother 5’..TTC ATG GGA AAA GGT GTT ACA AAG..3’
F M G K G V T K

20

o

Cell shortening (%)
>

" TMRM Fluorescence

Page 18

TMRM Fluorescence

| TN ¥ T |

FSC FSC

Figure 2. Compound heterozygous mutations in RTTN lead to iDCM phenotype.
a, Whole-exome sequencing of the proband and his parents revealed that the patient

was a compound heterozygote for a G1321D missense mutation from the father and an
in-frame deletion (p.1921-1925) from the mother. b, R77N knockout (KO) CMs displayed
disorganized myofibrils with indistinct Z-lines (top), whereas the R7 7N gene-corrected
(GC) CMs (bottom) appear similar to the healthy control-CMs seen in Figure 1b. Scale bar =
0.5 um. ¢, RTTN KO-CMs (top) displayed globular or punctate mitochondria, as visualized
by MitoTracker (green), and disorganized myofilaments, as visualized by a-actinin staining
(red). By contrast, R77N GC-CMs (bottom) displayed networks of elongated mitochondria
(green) and organized myofilaments, similar to healthy control-CMs. Scale bar = 20 um.

d, RTTN KO-CMs from two independent KO lines (KO-1, —2) displayed reduced cell
shortening similar to the iDCM-CMs. By contrast, R77N GC-CMs from three isogenic GC
lines (GC-1, -2, —3) displayed restored shortening, comparable to healthy control-CMs. n =
28 Control 1-CMs, 39 Control 2-CMs, 59 iDCM 1-CMs, 48 iDCM 2-CMs, 43 KO 1-CMs,
29 KO 2-CMs, 32 GC 1-CMs, 35 GC 2-CMs. Center line = median; whiskers = 1.51QR. e,
FACS analysis of TMRM staining demonstrating reduced mitochondrial membrane potential
in RTTN KO-CMs and restored mitochondrial membrane potential in 77N GC-CMs.
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Figure 3. RTTN is an evolutionarily conserved causal gene for iDCM.

a, Left, representative images of embryos at 48 hpf. (i) uninjected embryo; (ii) embryo
injected with translational blocking morpholino (MO); embryos injected with CRISPRIi #1
(iii) and #2 (iv). Right, corresponding enlarged images of the heart. Arrowhead, outline

of heart. Incidence of pericardial edema with impaired tail circulation in 48-hpf embryos.
Results n = 101 embryos from n = 7 biological replicates using embryos from n = 2
breeding pairs. Vehicle was 0.08% phenol red + PBS in ultrapure water. ***p <0.00017 by
Fisher’s exact test with Bonferroni Correction; N.S. = not significant. b, Quantification of
immunofluorescent imaging of actin and actinin in adult heart (segment A4) from control
(w1118), ana3*/~ and ana3~/~ flies. Statistical results of normalized cardiac fiber density (N
=10). * P <0.05; ** P <0.01. ¢, OCT images for heart of control, ana3+/- and ana3—/- flies.
Arrowheads indicate\ the end-diastolic diameter (EDD). Statistical analysis for EDD (um)
and percent fractional shortening (FS) obtained from the optimal computed tomography
data. Each datapoint represents the average of measurements from three heartbeats randomly
selected within a two-second time frame for each fly. Center line = median; whiskers =
1.51QR for each genotype. *P <0.05.
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Figure 4. RTTN mutation leads to impaired maturation via disrupted reorganization of the
centrosome and microtubule network formation.

a, Heat map showing expression of genes related to CM maturation in control and iDCM-
CMs. b, Dot plot of fold enrichment (fe) of gene ontology (GO) pathways. up = upregulated
in iDCMs; down = downregulated in iDCMs. ¢, Shannon entropy score showing relative
maturation score of control and iDCM-CMs. d, Top, In the control CM with a normally
organized sarcomere (a-actinin, red), PCNT (green) is redistributed to the perinuclear region
(arrowheads). Bottom, In the R77N mutant (iDCM) CM with a disorganized sarcomere
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(a-actinin, red), PCNT (green) remains localized to the centrosome. Quantification of
PCNT distribution in D36 control and iDCM-CMs by a blinded observer with categories of
centriolar, split, or perinuclear. PCNT was perinuclear in 21.65% of control-CMs, whereas
it was perinuclear in only 7.26% of iDCM-CMs. Perinuclear vs centriolar p = 0.0021

by two-tailed Fisher’s exact test. n = 97 control-CMs, 124 iDCM-CM:s. e, Left, Control
CM displaying a prominent network of thick microtubule (MT) fibers (a-tubulin, green)
emanating from the perinuclear region, with an organized sarcomere (cardiac TnT, red).
Right, by contrast, iDCM CM displayed thinner, shorter and fainter MT fibers without a
clear organizing center, and a disorganized sarcomere. Quantification of CMs with grossly
normal and abnormal MT network by a blinded observer. The MT network was grossly
normal in 86% of control-CMs, whereas only 48% of iDCM-CMs had normal MT networks.
n= 28 Control-CMs, 23 iDCM-CMs. p=0.006 by two-tailed Fisher’s exact test. Scale bar =
50 pm.
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Figure 5. Pharmacological treatment to induce centrosomal reorganization restores CM
structure and function in iDCM.
a, Schematic detailing C19 treatment at differentiation day 30 (d30) control-CMs and
iDCM-CMs. b, Quantification of centriolar, split, and perinuclear MTOC localization in
D32 CMs by a blinded observer. PCNT was perinuclear in 23.1% of control-CMs, 7.6%
}:> of iDCM-CMs, and 23.6% of iDCM+C19 CMs. p = 0.0082 by Fisher Exact test. c,
5 Representative images of untreated iDCM-CMs (top) and iDCM-CMs treated with C19,
o . . .
= which showed increased levels of sarcomere formation. Scale bar = 50 um. d, Boxplots
% showing % cell shortening in control, D40 iDCM, and iDCM C19 treated CMs. n =9
2 control, 32 iDCM, 36 iDCM + C19 from two differentiations. p value = 0.0006 by one-way
3 ANOVA. Post hoc Tukey correction p value of iDCM vs iDCM + C19 = 0.001, control vs
=} iDCM + C19 = 0.682 (NS). Center line = median; whiskers = 1.5IQR. e, Working model of
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