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Introduction

1 INTRODUCTION

1.1 Epigenetics and laminopathies

1.1.1 Stucture, expression and post modifications of lamins

Nuclear lamins are type V intermediate filament proteins which line below the inner nuclear
membrane. There are two type of lamins in metazoan cell nuclei: A-type of lamin and B-type
of lamin (Peter, Kitten et al. 1989, Vorburger, Lehner et al. 1989). A-type lamins consist of
lamin A and lamin C which are encoded by the LMNA gene through alternative splicing within
exon 10 (Fisher, Chaudhary et al. 1986, McKeon, Kirschner et al. 1986). In addition to A-type
of lamin, mammals such as mice also have lamin B1 and lamin B2 (B-type lamins), which are
encoded LMNB1 and LMNB2 gene respectively (Peter, Kitten et al. 1989, Vorburger, Lehner
et al. 1989, Lin and Worman 1995, Gruenbaum and Foisner 2015). LMNB2 also encodes the
germ-line-specific lamin B3, produced by alternative splicing (Hoger, Zatloukal et al. 1990).
A- and B-type lamins have a common structural organization: a short “head” domain at the N-
terminus followed by a central helical rod domain and a C-terminal “tail” domain. The central
rod domain is composed of four coiled-coil regions that allow lamins to form parallel coiled-coil
dimers and higher-order meshworks (Burke and Stewart 2013, Turgay, Eibauer et al. 2017,
Walling and Murphy 2021). The “tail” consists of a globular region, which adopts an immuno-
globulin (Ig)-like B-fold involved in protein—protein interactions. Pre-lamin A- and B-type lamins
also have a CaaX motif at the C-terminus which guides protein farnesylation and carboxyl
methylation, important for targeting to the nuclear envelope (Burke and Stewart 2013, Turgay,
Eibauer et al. 2017, Walling and Murphy 2021) (Fig. 1).

A-Type lamins B-Type lamins
Gene 5— 18 BE B BT 5Y Gene 5—1-2-34-5-6-7 8- 0T —3
i l"‘, - S ~.586
RS e N Lamin B11-17H7|—|_—H7“|;D—17|— Caax
Pre-laminA -4 — X —— =~ Caax —— e
1 171 NLS p-fold 572664 Head domain Rod domain Tail domain
Lamin A < e USCR LN p ey n i b
Lamin C 1-||:H g i —572 Lamin BZ 4_H e S »—%aax
T T . 1L ;
Head domain Rod domain Tail domain Head domain Rod domain Tail domain

Figure 1. Structure of nuclear lamins. A- and B-type lamins have a conserved domain structure, consisting of a
short N-terminal “head” domain, central helical coiled-coil rod domain, and a C-terminal immunoglobulin (lg)-like B-
fold domain. The nuclear localization signal (NLS) is located at the beginning of the tail domain. Pre-lamin A- and
B-type lamins also have a CaaX motif at the C-terminus guiding their targeting to the inner nuclear membrane.

A-type lamins and B-type lamins form interconnected but separated networks with differential
localization, membrane association, and network organization. These meshworks not only pro-

vide structural support to the nuclear envelope (Shimi, Kittisopikul et al. 2015, Nmezi, Xu et al.
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2019), but also play important roles in chromatin organization, gene positioning, DNA replica-
tion and repair, as well as cell proliferation, differentiation and stress responses (Dittmer and
Misteli 2011, Burke and Stewart 2013). Lamins are also key components of the LINC complex,
which physically couples the nucleoskeleton with the cytoskeleton (Stroud, Banerjee et al.
2014, Jahed and Mofrad 2019, Lityagina and Dobreva 2021). Decoupling this connection via
abnormal lamin A/C expression or mutation increases sensitivity to mechanical stress and im-
pairs mechanosensing, which is particularly important for tissues that experience high levels
of mechanical stress (Stroud, Banerjee et al. 2014, Jahed and Mofrad 2019, Lityagina and
Dobreva 2021).

Tissues with higher mechanical stress and are stiff, like heart, lung and diaphragm muscle,
express high lamin A/C levels. Whereas, soft tissues like brain, which bears little stress, have
a higher B-type lamins (Fig. 2). Unlike A-type lamins, B-type lamins are expressed in all mam-
malian cells. For example, lamin B2 is constitutively expressed at relatively stable levels,
whereas lamin B1 shows different expression during development and in adult (Kim, Sharov
et al. 2011). The expression of A-type lamins is developmentally regulated and it has been
long thought that A-type lamins are only expressed in committed cells such as cardiomyocytes
and absent in mouse embryonic stem cells (MESCs) (Stewart and Burke 1987, Schirmer and
Gerace 2004, Constantinescu, Gray et al. 2006, Kim, Sharov et al. 2011). However, recent
studies show lamin A/C is detectable in both mRNA level and protein level in mESC
(Constantinescu, Gray et al. 2006, Guo, Kim et al. 2014, Amendola and van Steensel 2015).
This discrepancy could be due to the sensitivity of the antibodies and the mESC culture meth-
ods used. Moreover, the expression of A-type lamins also scales with matrix stiffness (Swift,
Ivanovska et al. 2013, Majkut, Dingal et al. 2014).

Lamin A > Lamin B /‘\

Low
{ mechanical

stress

stress

Lamin A <Lamin B

Figure 2. Expression pattern of A-type and B-type lamins. Tissues with higher mechanical stress and are stiff,
like heart, lung and diaphragm muscle, express high lamin A/C levels. Whereas, soft tissues like brain, which bears
little stress, have a higher B-type lamins.Reprint from (Majkut, Dingal et al. 2014). Permission is conveyed through
Copyright Clearance Center, Inc.
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1.1.2 Function of lamins: from nuclear structure to spatial chromatin organization

The nuclear lamina, together with the inner nuclear membrane (INM), the outer nuclear mem-
brane (ONM) and the nuclear pore complex are the major components of the nuclear envelop.
The nuclear lamina plays a key role in maintaining nuclear envelop structural integrity and
genome stability. Nuclear laminia deficiency or mutation leads to nuclear abnormalities such
as irregular nuclear shape (Lammerding, Hsiao et al. 2005), uneven distribution and mislocal-
ization of nuclear pore complexes (Guo, Kim et al. 2014), nuclear rupture (Earle, Kirby et al.
2020), nuclear blebs (Funkhouser, Sknepnek et al. 2013) and micronuclei (Cho, Vashisth et
al. 2019). Nuclear rupture causes DNA damage and this could be due to exposure of genomic
DNA to cytoplasmic nucleases, nuclear exclusion and cytoplasmic mislocalization of DNA re-
pair factors (Cho, Vashisth et al. 2019, Maynard, Keijzers et al. 2019). The nuclear lamina also
regulates telomere length and positioning by interacting with shelterin protein TRF2 (Gonzalez-
Suarez, Redwood et al. 2009, Wood, Danielsen et al. 2014, Pennarun, Picotto et al. 2021) thus
affecting genome instability. A study from Wood et al. shows that lamin A/C interacts with TRF2
and stabilizes the t-loop formation between TRF2 and interstitial telomeric sequences. Muta-
tion of LMNA that causes an autosomal dominant premature ageing disorder—Hutchinson Gil-
ford Progeria Syndrome (HGPS)—Ileads to reduced interstitial t-loop formation and telomere
attrition (Wood, Danielsen et al. 2014). Furthermore, another recent study shows that lamin B1
also interacts with TRF2 and RAP1 and protects telomere from being recognized as damage

and inappropriate repaired by DNA repair machinery (Pennarun, Picotto et al. 2021).

In addition, nuclear lamina also tethers chromatin to the nuclear periphery, thereby shaping
higher order chromatin structures (Fig. 3) (Van Steensel and Belmont 2017). In metazoan cell
nuclei, nuclear lamins interact with chromatin by several distinct classes of transmembrane
proteins including LEM domain proteins (Emerin, LAP2a/b and MAN1), lamin B receptor (LBR)
and SUN domain proteins. Chromatin regions that are in close contact with the nuclear lamina
are termed lamina-associated domains (LADs). During the past decade, genome-wide map-
ping methods, such as DNA adenine methyltransferase identification (DamlD) and chromatin
immunoprecipitation sequencing (Chip-seq), have been used to identify LADs (Guelen, Pagie
et al. 2008, Shimi, Pfleghaar et al. 2008, Peric-Hupkes, Meuleman et al. 2010, Berman,
Weisenberger et al. 2012). DamlID is a method to detect protein-DNA interactions in which
bacterial DNA adenine methyltransferase (Dam) is tethered to a nuclear lamina protein leading
to adenine methylation of DNA regions that contact the nuclear lamina protein (Steensel and
Henikoff 2000, van Steensel, Delrow et al. 2001). LADs can also be mapped by chromatin
immunoprecipitation, but this has been technically challenging because of the solubility and
immunoprecipitation efficiency of nulear lamins (Lund, Duband-Goulet et al. 2015, Gesson,
Rescheneder et al. 2016).
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Cytoskeleton
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Figure 3. The nuclear lamina supports nuclear envelop and shapes chromatin organization. The nuclear
lamins line below the inner nuclear membrane not only supporting nuclear envelope structural integrity. The nuclear
lamins also interact with chromatin by several distinct classes of transmembrane proteins including LEM domain
proteins (Emerin, LAP2a/b and MAN1), lamin B receptor (LBR) and SUN do-main proteins. The nuclear lamina is
also coupled to components of the cytoskeleton by linker of the nucleoskeleton and cytoskeleton (LINC) complexes.
Reprint from (Burke and Stewart 2013). Permission is conveyed through Copyright Clearance Center, Inc.

In mammalian cells, about 30%-40% of the genome is covered by LADs with the size ranging
from 10 kb to 10 Mb. LADs exhibit a low overall gene density and include most “gene deserts”,
defined as gene-free genomic regions >1 Mb (Guelen, Pagie et al. 2008, Peric-Hupkes,
Meuleman et al. 2010, Leemans, van der Zwalm et al. 2019). Mapping of genome nuclear
lamina interactions by DamID in various mouse and human cell types characterized two types
of LADs: constitutive LADs (cLADs) and facultative LADs (fLADs) (Meuleman, Peric-Hupkes
et al. 2013). cLADs are universally characterized by long stretches of DNA of high A/T content,
long interspersed nuclear element (LINE) and poor in short interspersed nuclear element
(SINE) repetitive elements, as well as forming the most gene-poor subset of LADs (Meuleman,
Peric-Hupkes et al. 2013). In addition, cLAD genomic positions and sizes, rather than their
actual DNA sequences, are strongly conserved between mouse and human suggesting cLADs
may contribute to a basal chromosome architecture (Meuleman, Peric-Hupkes et al. 2013).
Compared with cLADs, fLADs make up over half of all LADs and are more gene-dense than
cLADs, and their positions are less conserved between mouse and human (Meuleman, Peric-
Hupkes et al. 2013). During differentiation of mouse cells, hundreds of genes change position
relative to the nuclear lamina, demonstrating the flexibility and dynamics of genome intranu-

clear spatial organization (Peric-Hupkes, Meuleman et al. 2010).

Electron microscopy and DNA fluorescence in situ hybridization (FISH) revealed that LADs are
condensed and genomic loci within LADs exhibit low transcriptional activity (Poleshko, Shah
et al. 2017, Van Steensel and Belmont 2017). Compacted LADs are enriched in repressive
histone markers such as H3K9me2 and H3K9me3, and in some cases H3K27me3, which are
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typical features of heterochromatin (Guelen, Pagie et al. 2008, Peric-Hupkes, Meuleman et al.
2010). Initial studies showed that genes within LADs are expressed at very low levels, sug-
gesting that LADs may form a repressive chromatin state (Guelen, Pagie et al. 2008, Peric-
Hupkes, Meuleman et al. 2010, Leemans, van der Zwalm et al. 2019). However, studies from
different groups also show that LADs are heterogeneous and nuclear lamins do not generally
repress their bound genes (Finlan, Sproul et al. 2008, Kumaran and Spector 2008, Leemans,
van der Zwalm et al. 2019). In addition to nuclear lamina, heterochromatin also accumulates
in the perinucleolar region and pericentromeric bodies (Fig. 4). Chromatin regions that are in
close contact with nucleoli and centromeres are termed nucleolus associated domains (NADS)
and pericentric heterochromatin domains (PADs) respectively (van Koningsbruggen, Gierlinski
et al. 2010). Similar to LADs, NADs also have a high density of AT-rich sequence elements,
low gene density and a statistically significant enrichment in transcriptionally repressed genes
(van Koningsbruggen, Gierlinski et al. 2010). Although PADs and non-PADs have similar chro-
matin states in embryonic stem cells, but during lineage commitment, chromocenters progres-
sively associate with constitutively inactive genomic regions at the nuclear periphery (Wijchers,
Geeven et al. 2015). Moreover, experimentally induced proximity of an active locus to chromo-
centers was sufficient to cause gene repression (Wijchers, Geeven et al. 2015). A number of
studies have shown that there is a redundancy and overplap between LADs, NADs and PADs.
(Kind, Pagie et al. 2013, Kind and van Steensel 2014, Ragoczy, Telling et al. 2014, Politz,
Scalzo et al. 2016). Multicolor FISH analysis revealed that late replicating loci, particularly on
the smaller chromosomes, may associate with any of these 3 repressive subcompartments,
including more than one at the same time (Ragoczy, Telling et al. 2014). Disruption of nucleoli
resulted in an increased association of late replicating loci with peripheral heterochromatin,
while deletion of the regions that conferred nuclear lamina association of the HBB transgenes
resulted in a shift toward the pericentromeric compartment (Bian, Khanna et al. 2013, Ragoczy,
Telling et al. 2014).

Figure 4. Heterochromatin distribution in mammalian cell. a and b Murine embryonic fibroblast stained with (a)
DAPI (blue) plus antibodies to fibrillarin (red) to mark nucleoli and (b) antibodies to H3K9me3 (green) and fibrillarin
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(red). ¢ Electron micrograph of part of a mouse cell nucleus. Densely stained chromatin is closely associated with
the NL, but is also present around nucleoli and in patches elsewhere in the nucleus. PH, peripheral heterochromatin;
PNH, perinucleolar heterochromatin; PCH, pericentromeric heterochromatin. Reprint from (Politz, Scalzo et al. 2016,
Van Steensel and Belmont 2017). Permission is conveyed through Copyright Clearance Center, Inc.

On a larger scale, chromosomes display a nonrandom nuclear organization highly influenced
by their gene density and transcriptional status (Lieberman-Aiden, Van Berkum et al. 2009,
Bickmore and van Steensel 2013, Gibcus and Dekker 2013). By chromosome conformation
capture (3C) and its derivatives (e.g., 4C, Hi-C), the genome has been shown to be organized
into higher order structural domains referred to as topologically associated domains (TADS).
TADs tend to interact based on their epigenetic status and transcriptional activity, thus dividing
chromosomes into two types of large-scale compartments generally called A compartments
(active) and B compartments (inactive) (Rao, Huntley et al. 2014). An emerging body of work
has shown that TAD boundaries are conserved between cell types (Dixon, Selvaraj et al. 2012,
Nora, Lajoie et al. 2012, Dixon, Jung et al. 2015) and during differentiation (Fraser, Ferrai et
al. 2015, Rubin, Barajas et al. 2017, Siersbaek, Madsen et al. 2017). Nevertheless, the strength
of TAD boundaries can also decrease during differentiation (Bonev, Cohen et al. 2017), sug-
gesting that TAD—TAD interactions and therefore large-scale genome conformation can be
modulated in response to external stimuli. 3D organization of chromatin brings pairs of genomic
sites that lie far apart along the linear genome into proximity. This ‘looping’ is part of the overall
chromosomal folding process but also involves protein-mediated contacts between enhancers
and gene promoters (Palstra, Tolhuis et al. 2003). Such contact can result in the assembly of
RNA polymerase Il at the core promoter and the consecutive cell type-specific activation of
transcription. A nuclear lamina contact frequency map in human cells showed B, A compart-
ment correlates with LADs inter-LADs domains respectively (Fig. 5) (Kind, Pagie et al. 2015).
Considering the strong overlap of LADs, NADs, and PADs, compartment B may also corre-
spond to the union of all heterochromatin compartments, including at the nuclear lamina, nu-

cleoli, and centromeres.
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Figure 5. Overlaps between LADs and B compartment. Comparison of a NL contact frequency profile and Hi-C
data in human KBM?7 cells revealing remarkably strong similarity of NL contact frequencies to the compartment A/B
profile. Reprint from (Van Steensel and Belmont 2017). Permission is conveyed through Copyright Clearance Cen-
ter, Inc.
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Chromatin-nuclear lamina dynamics play a key role in cell fate decisions by “locking” or “un-
locking” genes conferring cell identity at the nuclear periphery (Fig. 6). For example, during
mouse embryonic stem cell (ESC) differentiation into astrocytes (ACs), LADs are reorganized.
This reorganization, on one hand, facilitates the detachment of the ACs genes from the ESCs
LADs and involves ACs gene activation. On the other, a substantial number of genes are not
immediately activated upon detachment from the nuclear lamina but rather become unlocked
for activation at a later stage (Peric-Hupkes, Meuleman et al. 2010). Intriguingly, similar mech-
anism also occurs during cardiomyocytes differentiation. Hdac3 directly represses cardiac dif-
ferentiation through tethering of cardiomyocyte genes to the nuclear lamina. And loss of Hdac3
in cardiac progenitor cells releases genomic regions from the nuclear periphery, leading to
precocious cardiac gene expression and differentiation (Poleshko, Shah et al. 2017). Expand-
ing these works further will likely impact our understanding of cardiac laminopathy involving
defects in the nuclear lamina: dysregulated gene expression causing by genomic reorganiza-

tion of LADs in cardiomyocytes has emerged as a plausible mechanism.
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Figure 6. Chromatin-nuclear lamina dynamic changes during neuron and cardiomyocytes differentiation.
Reprint from (Peric-Hupkes, Meuleman et al. 2010, Poleshko, Shah et al. 2017). Permission is conveyed through
Copyright Clearance Center, Inc.

Previously studies revealed that nuclear lamina also affect TADs architecture of the genome.
Hi-C chromosome conformation capture analysis showed that lamina-bound and lamina-un-
bound regions show a tendency to self-aggregate (Yaffe and Tanay 2011), indicating that nu-
clear lamina may affect gene expression by preventing long-range interactions of promoters
within LADs with their distant enhancers outside of LADs. Furthermore, a recent study, which

mapped genome wide chromatin interactions in lamin null mESCs using an insitu ligation-
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based Hi-C method, showed that depletion of all lamins doesn’t disrupt the overall TAD struc-
ture, but it leads to alterations in TAD-TAD interactions. Transcriptional changes upon lamin
loss are correlated with alteration of 3D chromatin interactions. Interestingly, TAD pairs which
show strong lamin B1 associations in both TADs exhibit increased inter-TAD interactions;
whereas TAD pairs which show strong lamin B1 associations in one TAD or no lamin B1 as-
sociations have a decreased inter-TAD interactions (Zheng, Hu et al. 2018). The dynamic as-
sociation of nuclear lamina with the 3D genome organization has also been implicated in hem-
atopoiesis and immune activation. During T-cell activation, a sequestering of enhancers in
LADs are, like genes, released from the nuclear periphery, enabling to interact with their pro-
moters and to be activated (Robson, Jose et al. 2017).

On the other hand, lamin A/C also exists in the nuclear interior and interacts with euchromatin,
which plays a role in gene regulation and cell differentiation (Naetar, Korbei et al. 2008, Kolb,
Maal3 et al. 2011, Gesson, Rescheneder et al. 2016). Loss of LMNA cause strikingly alters
genome dynamics in the nuclear interior, inducing a dramatic transition from slow anomalous
diffusion to fast and normal diffusion (Bronshtein, Kepten et al. 2015). Thus, a dynamic asso-
ciation of LMNA with the 3D genome organization would constitute a mode of regulation of

transcriptional activity.

1.1.3 Laminopathies

Mutations in nuclear lamins result in multisystem disease phenotypes collectively referred to
as laminopathies (Schreiber and Kennedy 2013), including striated muscle disease, lipodystro-
phy syndrome, accelerated aging disorders and bone disease (Table 1).

Table 1. Diseases caused by mutations in nuclear lamins and lamin-associated proteins (Schreiber and
Kennedy 2013

Diseases Genes Mutated

Striated Muscle Diseases

Emery-Dreifuss muscular dystrophy LMNA, EDMD, SYNE1, SYNE2, TMEM43, TMPO
Limb-girdle muscular dystrophy LMNA
Dilated cardiomyopathy LMNA, EDMD, SYNE1, SYNE2, TMEM43, TMPO
Congenital muscular dystrophy LMNA
Heart-hand syndrome LMNA

Lipodystrophy Syndromes
Dunnigan-type familial partial lipodystrophy LMNA

Mandibuloacral dysplasia LMNA, ZMPSTE24
Lipoatrophy LMNA
Partial lipodystrophy LMNB2

Accelerated Aging Disorders

Atypical Werner syndrome LMNA

10
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Hutchinson-Gilford progeria syndrome LMNA
Restrictive dermopathy LMNA, ZMPSTE24
Atypical progeria syndrome BANF1
Peripheral Nerve Disorders

Charcot-Marie-Tooth disease LMNA
Adult-onset leukodystrophy LMNB1
Spinocerebellar ataxia type 8 SYNE1
Bone Diseases

Buschke-Ollendorff syndrome LEMD3
Melorheostosis LEMD3
Osteopoikilosis LEMD3
Greenberg skeletal dysplasia LBR
Others

Pelger-Huet anomaly LBR
Arthrogryposis SYNE2

Diseases associated with LMNA mutation include Emery-Dreifuss muscular dystrophy (EDMD)
(Bonne, Di Barletta et al. 1999), dilated cardiomyopathy (DCM) (Quarta, Syrris et al. 2012,
Roncarati, Anselmi et al. 2013), lipodystrophy syndromes(Shackleton, Lloyd et al. 2000) and
accelerated aging disorders(Cao and Hegele 2003). EDMD is characterized by early contrac-
tures, slowly progressive muscle wasting and cardiomyopathy (Bione, Maestrini et al. 1994,
Bonne, Barletta et al. 1999).Striated muscle is selected affected in EDMD with perturbations
of the nuclear envelope, mislocalization of emerin and activation of MAPK pathways (Manilal,
Man et al. 1996, Ostlund, Ellenberg et al. 1999, Muchir, Pavlidis et al. 2007). Dilated cardio-
myopathy caused by LMNA mutation (Quarta, Syrris et al. 2012, Roncarati, Anselmi et al. 2013)
is a common inherited cardiomyopathy that is associated with atrial arrhythmias, atrioventric-
ular conduction block, and ventricular tachycardia, which often precede the development of
systolic dysfunction (Marsman, Bardai et al. 2011, Quarta, Syrris et al. 2012, Van Rijsingen,
Arbustini et al. 2012, Haugaa, Hasselberg et al. 2015). Defects in nuclear structures and alter-
ation of calcium handling proteins are observed in LMMA mutant myocytes (Nikolova, Leimena
et al. 2004, Cho, Vashisth et al. 2019, Lee, Termglinchan et al. 2019).

LMNA-linked lipodystrophy syndromes and premature ageing share several clinical similarities,
such as hypertriglyceridemia, insulin resistance, type 2 diabetes, atherosclerosis and early
cardiovascular complications (Cao and Hegele 2000, Caux, Dubosclard et al. 2003, Chen, Lee
et al. 2003, Bidault, Garcia et al. 2013, Hamczyk, Villa-Bellosta et al. 2018, Patni, Li et al. 2019).
HGPS is most frequently caused by a mutation in exon 11 of LMNA gene. This mutation leads
to an aberrant mRNA splicing and a removal of 150 nucleotides from exon 11. The resulting

lamin A A150 mRNA gives rise to a truncated lamin A protein, referred to as progerin which
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lacks 50 amino acids where a proteolytic cleavage site is located. As a consequence, progerin
cannot undergo the C-terminal cleavage like wild type pre-lamin A and is permanently farne-
sylated. Accumulated of farnesylated progerin in cells induces genomic instability, DNA damge,
vascular smooth muscle cell loss and triggers atherosclerosis and premature death in HGPS
(Liu, Wang et al. 2005, Varga, Eriksson et al. 2006, Osorio, Navarro et al. 2011, Hamczyk,
Villa-Bellosta et al. 2018). Interestingly, accumulation of pre-lamin A is also observed in LMNA-
linked lipodystrophy syndromes and this could be due to the altered recognition of the mutated
pre-lamin A by the Zmpste24 protease (Capanni, Mattioli et al. 2005, Caron, Auclair et al. 2007).
Although accumulated progerin has been linked to DNA damge in HGPS, the function of ac-
cumulated pre-laminA in lipodystrophy mutant cells still need to be further studied.

Besides LMNA, B-type lamins are shown to be linked with aging as well. Dermal fibroblasts
from an E145K progeria patient show a remarkable reduced lamin B1 and lamin B2 expression
(Taimen, Pfleghaar et al. 2009). And lamin B1 decline is also found in primary human and
mouse fibroblasts when induced to senesce by DNA damage, replicative exhaustion, or onco-
gene expression, which is independent of p38 MAPK, NF-kB, ataxia telangiectasia mutated
kinase, and ROS signaling (Freund, Laberge et al. 2012). Conversely, silencing lamin B1 in
human fibroblasts leads to cell proliferation defects and induces cell senescence. The prolifer-
ation defects induced by silencing lamin B1 is through a reactive oxygen species (ROS) sig-
naling pathway (Shimi, Butin-Israeli et al. 2011). Whereas, another study from Barascu, Aurelia,
et al. shows a lamin B1 accumulation and p38 MAPK activation in fibroblasts from patients
with ataxia telangiectasia. And lamin B1 overexpression is sufficient to induce senescence in
primary human fibroblasts (Barascu, Le Chalony et al. 2012). Although these two studies are
discrepancy, both of the authors do agree that increased ROS generation is associated with

increased lamin B1 levels.

Links between lamin B1 decline and age-related loss of adult hippocampal neurogenesis have
also been reported (Bedrosian, Houtman et al. 2021, Bin Imtiaz, Jaeger et al. 2021). LMNB1
and LMNB2 are essential to the maintenance of nervous system development (Vergnes,
Péterfy et al. 2004, Coffinier, Chang et al. 2010, Chen, Yang et al. 2019). Lmnb1-/- and Lmnb2-
/- mice survived embryonic development but died after birth immediately with defects in brain,
lung, diaphragms (Vergnes, Péterfy et al. 2004, Kim, Sharov et al. 2011). Defects in spindle
orientation in neural progenitor cells and migration of neurons have been shown to cause
brain disorganizations found in lamin B null mice (Kim, Sharov et al. 2011). Indeed, recent
studies further showed that lamin B1 is highly expressed in adult neural stem/progenitor cells
and plays a key role in maintenance of adult neural stem/progenitor cells proliferation and
differentiation (Alcala-Vida, Garcia-Forn et al. 2021, Bedrosian, Houtman et al. 2021, Bin
Imtiaz, Jaeger et al. 2021). During aging, lamin B1 expression in neural progenitors is sharply

decreased, whereas protein levels of SUN-domain containing protein 1 (SUN1), previously
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implicated in HGPS, increase. Balancing the levels of lamin B1 and SUN1 in aged NSCs re-
stores the strength of the endoplasmic reticulum diffusion barrier that is associated with seg-
regation of aging factors in proliferating NSCs (Bedrosian, Houtman et al. 2021, Bin Imtiaz,
Jaeger et al. 2021).

1.2 LMNA-related cardiomyopathy

As mentioned obove (Table 1), patients harbouring mutations in LMNA can develop a number
of different tissue-specific syndromes collectively termed laminopathies. Cardiomyopathy is
one of the common phenotypes frequently caused by LMNA mutations. The American Heart
Association (AHA) defines cardiomyopathies as a heterogeneous group of diseases of the
myocardium associated with mechanical and/or electrical dysfunction that usually (but not in-
variably) exhibit inappropriate ventricular hypertrophy or dilatation (Maron, Towbin et al. 2006).
Types of (primary) cardiomyopathies include hypertrophic cardiomyopathy (HCM), dilated car-
diomyopathy (DCM), left ventricle noncompaction cardiomyopathy (LVNC), arrhythmogenic
right ventricular cardiomyopathy (ARVC) and restrictive cardiomyopathy (Maron, Towbin et al.
2006). LMNA mutation has been shown to be associated with dilated cardiomyopathy, left

ventricle noncompaction cardiomyopathy, arrhythmogenic right ventricular cardiomyopathy.

1.2.1 Dilated cardiomyopathy

Dilated cardiomyopathy (DCM) is characterized by enlargement and dilatation of one or both
ventricles of the heart, which occurs together with impaired contractility and heart function
(Gerull, Klaassen et al. 2020). The LMNA gene is the second most commonly mutated gene
in familial dilated cardiomyopathy (DCM), accounting for 5% to 8% of cases (McNally and
Mestroni 2017). Patients carrying pathogenic LMNA mutations have a poor prognosis due to
the high rate of sudden cardiac death resulting from malignant arrhythmias. Atrial fibrillation
(AF), atrioventricular (AV) conduction block, ventricular tachycardia, and sudden cardiac death
often precede the development of systolic dysfunction (Fatkin, MacRae et al. 1999, Quarta,
Syrris et al. 2012, Van Rijsingen, Arbustini et al. 2012). Although LMNA-related DCM is an
adult-onset disease, it cannot be excluded that structural changes and arrhythmias may be
present in early asymptomatic individuals (Kumar, Baldinger et al. 2016).

To date, around 500 mutations and 300 protein variants have been reported for LMNA, detailed
information on the different mutations is available through the UMD-LMNA mutation database
(www.umd.be/LMNA, accessed on 1 January 2023) (Table 2). Most of the mutations associ-
ated with cardiomyopathies are located in the head and rod domains and are mostly truncation
or missense mutations (Nishiuchi, Makiyama et al. 2017). Heterozygous truncation mutations
often result in lamin A/C haploinsufficiency due to a premature termination codon generated

by insertions or deletions resulting in a frameshift, aberrant splice site, or nonsense mutations.
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A homozygous LMNA nonsense mutation (Y259X) has also been reported, resulting in a lethal

phenotype (van Engelen, Muchir et al. 2005). LMNA missense mutations, on the other hand,

are thought to mostly act through a dominant negative mechanism (Nishiuchi, Makiyama et al.

2017). Patients carrying heterozygous mutations in LMNA in combination with mutations within

other genes such as TTN, DES, SUN1/2, etc., display a particularly severe clinical cardiac

phenotype (Roncarati, Viviani Anselmi et al. 2013, Meinke, Mattioli et al. 2014, Galata,

Kloukina et al. 2018, Maggi, Mavroidis et al. 2021, Vincenzo, Michelangelo et al. 2022).

Table 2. Cardiomyopathies caused by the most well studied pathogenic LMNA mutations in patients.

p. N195K

p. R225X

p. K117fs

p.c.908
909
delCT

p.28insA

p. T101

p. R541S

p. R377H

p. S143p

p.H222P

p. K219T

p. R541C

Reduced lamin A/C

Haploinsufficiency, a

nonsense mutation
causing premature
truncation

NMD-mediated degra-
dation of mutant LMNA
MRNA induces lamin
A/C haploinsufficiency
Reduced and truncated
lamin A/C expression
causing by frameshift
Reduced, insertion mu-
tation leads to an aber-
rant truncated protein
of 38 amino acids

Reduced lamin A/C ex-
pression

Reduced lamin A/C ex-
pression

Reduced lamin A/C ex-
pression

No change, loss of
function phenotype,
p. S143P lamin A/C is

more  nucleoplasmic
and soluble
No change, gain of

function phenotype

No change
Gain of function pheno-

type

No change, gain of
function phenotype, in-
creased H3K9me2/3

DCM

DCM

DCM

DCM

DCM

DCM, lip-
odystro-
phy, APS

DCM

EDMD,
DCM

DCM

DCM,
EDMD

DCM

DCM

Heart dilation, interstitial fibro-
sis, arrhythmia, sarcomere dis-
organization, mislocalization of
emerin

Atrial fibrillation, complete atri-
oventricular block, ventricular
tachyarrhythmia and heart fail-
ure

Atrioventricular block, ventricu-
lar tachycardia, atrial fibrilla-
tion, arrhythmias at the single-
cell level

Atrial fibrillation, sick sinus syn-
drome, dilated cardiomyopathy

Dilated cardiomyopathy with
conduction defects

Hypertriglyceridemia, diabetes
mellitus, insulin resistance, left
ventricular myocyte hypertro-
phy, interstitial fibrosis

LV systolic dysfunction, left
ventricular dilation

Atrial fibrillation or flutter, car-
diac conduction disease

Atrioventricular conduction de-
fect, left ventricular systolic
dysfunction and dilatation

Atria and ventricles dilation, fi-
brosis, atrio-ventricular con-
duction abnormality, prenatal
heart abnormalities

Heart dilation, arrhythmogenic
conduction disorders such as
atrial fibrillation, atrioventricular
block

Reduced heart contractility, left
ventricle dilatation, polymor-

(Mounkes, Kozlov et al.
2005, Ho, Jaalouk et al.
2013, Markandeya, Tsu-
bouchi et al. 2016)

(Lee, Lau et al. 2017, Cai,
Lee et al. 2020)

(Lee, Termglinchan et al.
2019)

(MacLeod, Culley et al.
2003)

(Sebillon, Bouchier et al.
2003)

(Mory, Crispim et al.
2008, Hussain, Patni et
al. 2018, Sahinoz, Khairi
etal. 2018, Shah, Lv et al.
2021)

(Gupta, Bilinska et al.
2010)

(Muchir, Bonne et al.
2000, Charniot, Pascal et
al. 2003, Yang, Argenzi-
ano et al. 2021)

(West, Gullmets et al.
2016, West, Turunen et
al. 2022)

(Arimura, Helbling-
Leclerc et al. 2005, Wada,
Kato et al. 2019, Gue-
nantin, Jebeniani et al.
2021)

(Perrot, Hussein et al.
2009, Salvarani, Crasto et
al. 2019)

(Shah, Lv et al. 2021,
Yang, Sun et al. 2022)
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p. L85R

p.c.835
delG:p.Gl
u279Ar-
gfsX201

Seems laminA/C nor-
mally expressed in
CMs

Reduced and truncated
lamin A/C expression

DCM,
LVNC
ARVC

DCM

DCM,
LVNC,
ARVC,
lipo-
dystro-

phy,
APS

LVNC

FLPD,
cardiomy-
opathy

FLPD,
DCM

DCM

DCM

DCM

DCM

RCM

phic ventricular premature con-
tractions and diffuse ST-T
change

Left ventricular noncompaction,
conduction system defect, ab-
normal activation of ERK1/2
signaling and sarcomeric disor-
ganization

Heart dilation, AV block, atrial
fibrillation, muscular involve-
ment

Phenotypic diversity and low
penetrance associated with the
R644C mutation

Ventricular tachycardia/fibrilla-
tion,

Hypertriglyceridemia, diabetes,
ventricular dysfunction, con-
duction defect, and arrhythmia,
left-ventricular systolic dysfunc-
tion

Diabetes, hyperlipidemia, atrio-
ventricular conduction defects
and atrial fibrillation, dilated
cardiomyopathy

Ventricular dysrhythmias, left
ventricular enlargement, and
systolic dysfunction

Ventricular dysrhythmias, left
ventricular enlargement, and
systolic dysfunction

Dilation, atrial fibrillation, con-
duction system disease, chro-
mosome positioning changes
Progressive  conduction-sys-
tem disease such as sinus
bradycardia,  atrioventricular
conduction block, or atrial ar-
rhythmias and dilated cardio-
myopathy, Mislocalization of
emerin

Diastolic dysfunction, biatrial
enlargement, atrial fibrillation,
skeletal muscle weakness

(Hermida-Prieto, Monser-
rat et al. 2004, Liu, Shan
et al. 2016, Chatzif-
rangkeskou, Yadin et al.
2018)

(Perrot, Hussein et al.
2009, Gerbino, Forleo et
al. 2021)

(Rankin, Auer-Grumbach
et al. 2008, Parent, Tow-
bin et al. 2015)

(Liu, Shan et al. 2016)

(Van der Kooi, Bonne et
al. 2002, Subramanyam,
Simha et al. 2010)

(Garg, Speckman et al.
2002, Subramanyam,
Simha et al. 2010)

(Jakobs, Hanson et al.
2001)

(Fatkin,
1999)

(Sebillon, Bouchier et al.
2003, Mewborn, Puckel-
wartz et al. 2010)

MacRae et al.

(Fatkin, MacRae et al.
1999, Raharjo, Enarson

et al. 2001)

(Paller, Martin et al. 2018)

Dilated cardiomyopathy (DCM); left ventricular noncompaction cardiomyopathy (LVNC); arrhythmogenic right
ventricular cardiomyopathy (ARVC); restrictive cardiomyopathy (RCM); Emery-Dreifuss muscular dystrophy

(EDMD); limb—girdle muscular dystrophy (LGMD); APS, atypical progeroid syndrome.

Since a number of LMNA mutations result in a loss of function, lamin A/C haploinsufficient

(Lmna+/-) and Lmna knockout mice (Lmna-/-) have been extensively used to study the molec-

ular mechanisms underlying LMNA loss-of-function (LOF) cardiomyopathy (Table 3). Lmna-/-

mice develop DCM two weeks after birth and died within one month (Kim and Zheng 2013).

Although Lmna+/- mice are viable and fertile, the conduction system defects and heart dila-

tion are also observed in heterozygous Lmna+/- mice by longitudinal evaluations (Wolf, Wang

et al. 2008). Myocytes isolated from Lmna-/- mice show defects in proliferation, precocious
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nucleation, nuclear structures deformation, chromatin rearrangement and alteration of calcium

handling (Nikolova, Leimena et al. 2004).

Table 3. Mouse models of laminopathies.

Deletion of ex- Retarded postnatal AV conduction de- (Nikolova,
ons 8-11; a trun- DCM growth, conduction dis- fects, both atrial and Leimena et
Lmna-/- * cated lamin A EDMI5 ’ ventricular  arrhyth- al. 2004,
. orders, DCM, EDMD, L
protein of 54 kDa death by 8 weeks of age  11aS: develop DCM  Wolf, Wang
is still expressed y 9 by 50 weeks et al. 2008)
Retarded postnatal
growth, conduction dis- . .
Lmna-/- Deletion of exon DCM orders, DCM, noncom- Ec\)/nco?:i:élti%nﬁ 52/ (Kim and
2 LVNC  paction, death within 1 velopmental de%ects Zheng 2013)
month, developmental
defects
Growth retardation at 2
A gene trap cas- weeks, impaired post- (Kubben
Lmna GT-/- sette  inserted N/A natal cardiac hypertro- No .e.lpparent abnor- Voncken et
upstream of phy, skeletal muscle hy- malities al. 2011)
exon 2 of Lmna potrophy, defects in li- ’
pid metabolism
DCM, cardiac dysfunc-
Conditional dele- tion, conduction de- Develop cardiac dila-
Mvh6 cre - tion of Lmna fects, .ventrlculgr ar- tation an.d . (Aug.uste,
y
Lmna f/f gene in cardio- DCM rhythmlgs, fibrosis, dysfunctlpn, gardla}c Rouhi et al.
myocytes apoptosis, and prema- arrhythmias, fibrosis 2020)
ture death within 4 in older mice
weeks
Deletion of the
n last 150 nucleo- .
tﬁr;m © tides of exon 11 N/A No obvious phenotype gl/geobwous PIETE: (F;)In%,ol(\)l(gs)et
and the com- ’
plete intron 11
Deletion of in-
trons 10 and 11, -
Lamin A the last 30 bp of N/A No apparent abnormali- N/A §Coﬁ|n|er,
) ung et al.
only exon 11, and the ties 2010)
first 24 bp of
exon 12
Pre-lamin A Deletion of intron No apparent abnormali- (Chimifer,
only 10 N/A ties N/A Jung et al.
2010)
DCM, conduction de-
Missense muta- fects, fibrosis,_ min_or No obvious pheno- (Mounkes,
Lmna N195K tion in exon 3 DCM growth retardation, in- type Kozlov et al.
creased heart weight, 2005)
death at 12—14 weeks
Nonsense muta- Retarded postnatal
tion at exon 4 growth, conduction dis-
causing prema- orders, dilated cardio- No apparent abnor-  (Cai, Lee et
Ml (RS ture truncation of Bell myopathy, AV node fi- malities al. 2020)
both lamin A and brosis, death within
lamin C postnatal 2 weeks
Transgenic mice
expressing DCM, conduction de- (Dan, Lian et
Lmna E82K Lmna E82K un- DCM N/A fects, fibrosis, in- al ’2010)
der the control of creased heart weight ’
a-MHC promoter
Deletion of ly- Retarﬁed . gostnatfll Develop a progres- (Bertrand,l
Lmna AK32 sine 32 of lamin DCM ek S (IR sive cardiac dysfunc- R £ al.
maturation delay, meta- 2012, Cattin,

A/C inexon 1

bolic defects including

tion and DCM

Bertrand et
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Lmna R541C

Lmna H222P

Lmna
M317K

Lmna D300N

Lmna L530P

Lmna
G609G

Lmna HG

Lmna nHG

csmHG

G608G BAC

Missense muta-
tion in exon 10

Missense muta-
tion in exon 4

Transgenic mice
expressing

Lmna M317K
missense muta-
tion under the
control of a-MHC
promoter

Transgenic mice
expressing
Lmna D300N;
Myh6-tTA mice

Missense muta-
tion in exon 9

Point mutation in
exon 11

Deletion of in-
trons 10-11 and
last 150 nucleo-
tides of exon 11

Deletion of in-
trons 10 and 11
and the last 150
bp of exon 11 to-
gether with an
exchange of cys-
teine to serine in
the CaaX motif
Deletion of in-
trons 10 and 11
and the last 150
bp of exon 11,
three-nucleotide
deletion (the iso-
leucine in
progerin’s CaaX
motif)

164-kb BAC car-
rying  mutated
G608G human
LMNA

DCM

EDMD
DCM

EDMD

DCM

HGPS

HGPS

HGPS

HGPS

HGPS

HGPS

reduced adipose tissue
and hypoglycemia,
death within 3 weeks
Ventricular  dilatation
and reduced systolic
function

Heart dilatation, con-
duction defects, in-
creased fibrosis, hyper-
trophy defects, death by
9 months of age, devel-
opmental defects

N/A

N/A

Loss of subcutaneous
fat, reduction in growth
rate, and death by 4
weeks of age
Shortened life span, re-
duced body weight,
bone and cardiovascu-
lar

abnormalities, death at
an average of 100 days
Growth retardation os-
teoporosis, microgna-
thia, loss of adipose tis-
sue, death by 3-4
weeks of age

Weight loss, reduced
subcutaneous and ab-
dominal fat by 4-8
weeks of age, death at
17 weeks of age

No bone phenotype,
normal body weight and
survival

N/A

N/A

No apparent abnor-
malities

Increased  eosino-
philia and fragmenta-
tion of cardiomyofi-

brils, nuclear pyk-
nosis and edema
without fibrosis or

significant inflamma-
tion, death at 2-7
weeks of age

Heart dilatation, in-
creased heart-to-
body-weight ratio, fi-
brosis, death within
two months

No apparent abnor-
malities

Develop a similar
phenotype to homo-
zygotes but at an
older age, average
death at 242 days

Similar phenotype to
homozygotes but
less severe, death by
21 weeks

Similar spectrum of
disease phenotypes
as Lmna HG/+ mice
but less severe,
death by 36 weeks of
age

No bone disease,
normal body weight
and survival

Progressive loss of
vascular smooth
muscle cells

al. 2013,
Cattin, Ferry
et al. 2016)

(Yang, Sun et
al. 2022)

(Arimura,
Helbling-
Leclerc et al.
2005, Wada,
Kato et al.
2019,
Guenantin,
Jebeniani et
al. 2021)

(\Nang:
Herron et al.
2006)

(Chen,
Lombardi et
al. 2019)

(Mounkes,
Kozlov et al.
2003)

(Osorio,
Navarro et al.
2011)

(Yang, Meta
et al. 2006)

(Yang,
Andres et al.
2008)

(Yang, Chang
et al. 2011)

(Varga,
Eriksson et
al. 2006)
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*: Although initially this mouse model has been used as a Lmna knockout mouse model, later studies revealed that
a truncated lamin A protein of 54 kDa is still expressed.

Another mutation often used for modeling the LMNA LOF mutation is the p.R225X mutation, a
nonsense mutation causing premature truncation of both lamin A and lamin C splice isoforms.
Patients carrying this pathogenic mutation show early onset of AF, secondary AV block, and
DCM (Lee, Jiang et al. 2016). Like Lmna-/- mice, homozygote Lmna R225X mice also exhibit
retarded postnatal growth, conduction disorders, and DCM (Cai, Lee et al. 2020). Other LOF
mutations, e.g., K117fs and 28insA, also lead to a DCM phenotype. LMNA p. K117fs mutation
is a frameshift mutation that leads to a premature translation-termination codon (Lee,
Termglinchan et al. 2019), whereas 28insA is an adenosine insertion mutation in exon 1 re-
sulting similarly in a premature stop codon (Sebillon, Bouchier et al. 2003). Messenger RNAs
(mRNASs) that contain a premature stop codon often undergo degradation through the non-
sense-mediated MRNA decay (NMD) surveillance mechanism and thus can cause haploinsuf-
ficiency. Consistent with this, a significant decrease in lamin A/C protein levels is observed in
K117fs iPSC-CMs as a result of NMD-mediated degradation of LMNA mRNA (Lee,
Termglinchan et al. 2019). In addition to truncation mutations, which can result in LMNA hap-
loinsufficiency, mutations such as N195K, T10Il, R541S, and R337H also show reduced lamin
A/C protein levels (Mounkes, Kozlov et al. 2005, Shah, Lv et al. 2021). Patients carrying these
pathogenic mutations also develop DCM (Fatkin, MacRae et al. 1999, Bonne, Mercuri et al.
2000, Gupta, Bilinska et al. 2010). It is still unclear why these mutations lead to decreased
lamin A/C levels. Possible reasons could be that protein translation or the stability of lamin A/C
are affected in mutant CMs. For example, although Lmna mRNA does not change, both lamin
A and lamin C levels are decreased in CMs and MEFs derived from Lmna N195K/N195K mu-
tant mice (Mounkes, Kozlov et al. 2005). Studies from the Discher lab shows that LMNA levels
are tightly linked to the changing stiffness of the heart during development. Soft matrix favors
lamin A/C phosphorylation at Ser22, localization to nucleoplasm and its subsequent proteolytic
degradation. Intriguingly, this proteolytic degradation can be rescued by a cyclin-dependent
kinase (CDK) inhibitor that was found significantly decreased in heart disease (Burton, Yacoub
et al. 1999, Buxboim, Swift et al. 2014, Cho, Vashisth et al. 2019). Interestingly, patients car-

rying different LMNA missense mutations resulting in DCM also exhibit lower protein levels
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(Cheedipudi, Matkovich et al. 2019). To what extent the decrease in lamin A/C levels or
changes in protein function result in disease pathogenesis is still largely unknown and needs

further investigation.

Although it seems DCM is predominantly caused by LMNA haploinsufficiency, mutations of
LMNA which don’t lead to changes of lamin A/C protein level also resultin DCM. LMNA H222P
missense mutation has been shown to cause emery-dreifuss muscular dystrophy and DCM.
Compared with Lmna H222P/+ mice which are indistinguishable from wild type mice with
regard to phenotype and life expectancy, homozygous mice display muscular dystrophy, left
ventricular dilatation, and conduction defects in adulthood and die by 9 months of age (Arimura,
Helbling-Leclerc et al. 2005). Interestingly , western blot analysis of cardiac and skeletal mus-
cle samples shows no obvious different of lamin A/C protein levels between WT and Lmna
H222P/H222P mice (Wada, Kato et al. 2019). Similarly, patients with LMNA K219T mutation
are characterized by severe DCM and heart failure with conduction system disease (Perrot,
Hussein et al. 2009). And Immunofluorescence of lamin A/C in iPSC-CMs with LMNA K219T
mutation also doesn’t show a decreased of lamin A/C expression (Salvarani, Crasto et al.
2019).

Among laminopathy-associated missense mutations, the addition of proline is the most com-
mon. Proline addition can significantly alter protein structure. For example, LMNA S143P mis-
sense mutation causes DCM and disturbs the coiled-coil domain, thus affecting lamin A/C as-
sembly into the nuclear lamina. This results in nuclear fragility and reduced cellular stress tol-
erance (West, Gullmets et al. 2016). The addition of proline might also affect protein phosphor-
ylation through proline-directed kinases, such as the mitogen-activated protein (MAP) kinases,
cyclin-dependent protein kinase 5 (CDK5), glycogen synthase 3, etc. Mutations resulting in the
addition of proline often result in striated muscle disease, suggesting a common underlying

mechanism (Lin, Brady et al. 2020).

Since LMNA related DCM arises from distinct point mutations and is characterized by a diver-
sity heart phenotype such as LV dilation, cardiac arrhythmias and fibrosis. Thus, the precise
molecular mechanisms resulting in DCM also show a complexity. Taking into account the vari-
ety of different functions of the nuclear lamina, three central mechanisms have been suggested
to drive disease pathogenesis.

The “mechanical hypothesis” proposes that disruption of the nuclear lamina causes increased
nuclear fragility and increased susceptibility to mechanical stress (Brayson and Shanahan
2017). This hypothesis is supported by observations that CMs from patients or mouse models
with lamin A/C mutations exhibit nuclear rupture, DNA damage, and cell cycle arrest (Nikolova,
Leimena et al. 2004, Gupta, Bilinska et al. 2010, Cho, Vashisth et al. 2019). Importantly, a
recent study revealed that disrupting the LINC complex and thereby decoupling the nu-

cleus/nucleoskeleton from the mechanical forces transduced by the cytoskeleton increases
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more than fivefold the lifespan of LMNA-deficient mice (Chai, Werner et al. 2021), pointing to
therapeutic opportunities for patients carrying mutations resulting in nuclear fragility.

Myriad studies have demonstrated a role of lamins in regulating MAPK, TGF-38, Wnt—(3-catenin,
and Notch signhaling cascades (Andres and Gonzalez 2009, Bernasconi, Carboni et al. 2018)
and suggested that altered signaling is a key driver of LMNA-related dilated cardiomyopathy.
For instance, LMNA-related cardiomyopathy shows a significant increase in myocardial fibrosis
which contributes to left ventricular dysfunction and heart failure (Mounkes, Kozlov et al. 2005,
Wu, Muchir et al. 2011, Quarta, Syrris et al. 2012, Chatzifrangkeskou, Le Dour et al. 2016).
Profibrotic signaling, such as TGF-B, MAPK, and ERK signaling, is activated in Lmna
H222P/H222P mice, and the partial inhibition of ERK and JNK signaling before the onset of
cardiomyopathy in Lmna H222P/H222P mice significantly reduces cardiac fibrosis and pre-
vents the development of left ventricle dilatation and decreased cardiac ejection fraction
(Muchir, Pavlidis et al. 2007, Wu, Shan et al. 2010, Wu, Muchir et al. 2011, Umbarkar, Tousif
et al. 2022).Therapies targeting intracellular signaling alterations are being developed in a pre-
clinical setting (Cattin, Muchir et al. 2013).

Although the “mechanical hypothesis” explains the heart dilation phenotype, the molecular
mechanisms linking the LMNA mutations to the increased arrhythmogenicity is still not known.
The “gene expression hypothesis” implies that mutation in LMNA disrupts chromatin organiza-
tion and leads to gene dysregulation in cardiomyopathies (Worman and Courvalin 2004,
Brayson and Shanahan 2017). Recently, several groups using iPSC-CMs uncovered an epi-
genetic regulation of transcriptional changes of different channels such as SCN5A, CACNA1A
and Pdgf. This might explain the arrhythmogenic conduction defects in LMNA patients (Bertero,
Fields et al. 2019, Lee, Termglinchan et al. 2019, Salvarani, Crasto et al. 2019). Since iPSCs
don’t express detectable lamin A/C protein levels and all these studies are performed in CMs,
the possible developmental defects may not be able to see by using iPSC. Indeed, a more
recent study showed a development defects origin of LMNA associated cardiomyopathy. Gue-
nantin et al. discovered that Lmna H222P/H222P embryonic hearts showed hypertrabeculation,
interventricular septum defect and enlarged atria during development, as early as embryonic
day 13.5. Lmna H222P/H222P embryos also display higher rates of lethality compared with
normal or heterozygous controls. Using Lmna H222P/+ mouse ESCs, the author shows that
cardiac mesoderm marker Mespl as well as Snail and Twist which are involved in epithelial-
to-mesenchymal transition of epiblast cells was decreased and cardiac mesoderm specifica-
tion and cardiomyocytes differentiation were impaired(Guenantin, Jebeniani et al. 2021). Gue-
nantin et al. discovered a cardiac developmental defect as a prenatal feature and ascertaining
whether other LMNA mutations have an impired heart development and act through the same

pathways will be a critical next step. Links between alternative fate choices and tissue-specific
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phenotypes caused by pathogenic LMNA mutations would also be instresting for further stud-

ies.

1.2.2 Left ventricle non-compaction cardiomyopathy

Left ventricular non-compaction (LVNC) cardiomyopathy is a rare congenital heart disease
caused by the arrest of normal embryogenesis of the endocardium and myocardium (Fig.7).
Patients with LVNC exhibit a thin compact myocardium and an excessive endocardium trabec-
ulations and can eventually develop progressive cardiac dysfunction and heart failure.
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Figure 7. Embryonic development of LVNC. Reprint from (Gati, Rajani et al. 2014). Permission is conveyed
through Copyright Clearance Center, Inc.

LVNC can be associtated with other cardiomyopathies and congenital heart disease and clas-
sified into different types: (1) the isolated or benign form of LVNC characterized by normal LV
size and wall thickness with preserved systolic and diastolic function and no arrhythmias (2)
the arrhythmogenic form of LVNC, (3) the dilated form of LVNC, (4) the hypertrophic form of
LVNC, (5) the “mixed” form (hypertrophic and dilated) of LVNC, (6) the restrictive form of LVNC,
(7) the biventricular form of LVNC, (8) the right ventricular hypertrabeculation with normal LV
form, and (9) the congenital heart disease form of LVNC (Towbin, Lorts et al. 2015).

Studies have identified various genes associated with LVNC, such as TTN, MYH7, TNNT2,
LDB3, MYBPC3, ACTC1, DSP, CASQ2, RBM20, and the intermediate filaments DES
(Kulikova, Brodehl et al. 2021) and LMNA (Probst, Oechslin et al. 2011, Sedaghat-Hamedani,
Haas et al. 2017), with the two most affected genes being TTN and LMNA (Sedaghat-
Hamedani, Haas et al. 2017). The first reported LMNA mutant variant causing LVNC is R190W

which has also been reported to be associated with familial DCM (Hermida-Prieto, Monserrat
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et al. 2004). Hermida-Prieto et al. showed that patients with R190W mutation exhibit a thin
compact epicardial and a prominent trabeculations with deep recesses in a thickened left ven-
tricular wall. Since the ejection fraction was persevered and the left ventricular end-diastolic
diameter was normal, the patients were diagnosed as isolated left ventricular noncompaction
cardiomyopathy (Hermida-Prieto, Monserrat et al. 2004). Another pathogenic LMNA variant
causing LVNC is LMNA R644C. R644C mutation shows an extreme phenotypic diversity and
can result in DCM, lipodystrophy, atypical progeria as well as LVNC (Rankin, Auer-Grumbach
et al. 2008). Parent and his colleagues described a cases of 4 family members with LMNA
R644C mutation, 3 of whom developed left ventricular noncompaction cardiomyopathy with
normal LV dimensions and function, and absent evidence of dysrhythmias (Parent, Towbin et
al. 2015). Other mutations such as LMNA V74fs, R572C and V445E have also been identified
associated with LVNC. Patients with the V445E missense mutation are characterized by an
arrhythmogenic form of LVNC, suggested to be due to dysfunctional SCN5A (Liu, Shan et al.
2016, Sedaghat-Hamedani, Haas et al. 2017). Although it is believed that an arrest in embry-
onic endomyocardial morphogenesis contributes to LVNC, the precise mechanisms of LVNC
upon LMNA mutations haven’t been reported yet.

1.2.3 Arrhythmogenic right ventricular cardiomyopathy

Arrhythmogenic right ventricular cardiomyopathy (ARVC) is an inherited heart-muscle disorder
that predominantly affects the right ventricle. Progressive loss of myocytes and fibrofatty re-
placement associated with arrhythmias in right ventricular myocardium is the pathological hall-
mark of the disease (Fig. 8) (Marcus, McKenna et al. 2010). Diffuse RV involvement and LV
abnormalities progressively develop with age (Corrado, Basso et al. 1997). Desmosomal mu-
tations such as PKP2, DSP, DSG2 and JUP, are the main cause of ARVC (Awad, Dalal et al.
2006, Awad, Dalal et al. 2006, Corrado and Thiene 2006, Yang, Bowles et al. 2006, Joshi-
Mukherjee, Coombs et al. 2008). In addtion, mutations of the calcium-handling protein RYR2
(Tiso, Stephan et al. 2001), the structural sarcomeric protein Titin (Taylor, Graw et al. 2011),
the cytokine signalling proteinsTGFB3 (Beffagna, Occhi et al. 2005) and the cytoskeletal pro-
tein TMEMA43 as well as lamin A/C have also been reported in ARVC (Merner, Hodgkinson et
al. 2008, Quarta, Syrris et al. 2012, Hodgkinson, Connors et al. 2013, Kato, Takahashi et al.
2016).
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Figure 8. Histological features of ARVC. Reprint from (Austin, Trembley et al. 2019). Permission is conveyed
through Copyright Clearance Center, Inc.

In 2011, Quarta et al. firstly reported ARVC caused by mutations in LMNA. Four LMNA variants
were identified: R190W, R644C, R72C and G382V (Quarta, Syrris et al. 2012). R190W and
R644C variants have been shown to cause DCM and LVNC. In addition, R644C can also lead
to lipodystrophy and atypical progeria, thus showing an extreme phenotypic diversity. ARVC
patients with these 4 mutations all exhibit RV dilation and systolic dysfunction. Histology of the
right ventricular myocardium from R190 and G382W patients showed >50% myocytes loss
and extensive interstitial fibrosis and fatty replacement. Intrestingly, immunohistochemical
staining showed a significantly reduced plakoglobin expression at the intercalated discs in the
myocardium. Moreover, M1K, W514X and M3841 mutations in LMNA have also been identified
in ARVC. Patients with M1K and W514X mutations show RV dilatation, non-sustained ventric-
ular tachycardia, and complete atrioventricular block (Kato, Takahashi et al. 2016). Whereas,
patient with M384I virant not only shows ARVC, but also exhbits peripheral neuropathy and

peroneal muscular atrophy (Liang, Goodsell et al. 2016).

So far, it remains unknown how LMNA mutations result in ARVC. Since LMNA is a ubiquitously
expressed protein, its mechanoprotective function in cardiomyocytes, which can limit the pro-
gressive loss of myocytes, its role in the regulation of genes involved in cardiac contractility,
and its important role in regulating cell fate choices, which may result in an excess of fibroblasts
and adipocytes, might be involved. Tracing back the origins of fat tissue in a mouse model of
ARVC, Lombardi et al. suggested that second heart field (SHF)-derived progenitor cells switch
to an adipogenic fate through nuclear plakoglobin (JUP)-mediated Wnt signaling inhibition
(Lombardi, Dong et al. 2009). A subset of resident cardiac fibro-adipocyte progenitor cells
characterized by PDGFRAP*LIN™THY1"*9DDR2"? expression signatures have been shown
to be a major source of adipocytes in ARVC caused by Desmoplakin (DSP) haploinsufficiency
(Lombardi, Chen et al. 2016). Furthermore, the endocardium, epicardium, and cardiac mesen-

chymal stromal cells also serve as a source of adipocytes in the heart (Matthes, Taffet et al.
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2011, Sommariva, Brambilla et al. 2016, Zhang, Pu et al. 2016). Because the endocardium
and epicardium give rise to diverse cardiac cell lineages, including mesenchyme and adipo-
cytes (Zhang, Lui et al. 2018), via endothelial-to-mesenchymal transition (EndMT) and epithe-
lial-to-mesenchymal transition (EMT), lamin A/C function in regulating EMT (Guenantin,
Jebeniani et al. 2021) might also be a key mechanism driving ARVC pathogenesis.

1.2.4 Restrictive cardiomyopathy

Restrictive cardiomyopathy (RCM) is a rare cardiac disease characterized by increased myo-
cardial stiffness resulting in impaired ventricular filling. Patients with RCM show enlarged atria
and diastolic dysfunction, while systolic function and ventricular wall thicknesses are often nor-
mal until the later stages of the disease (Mogensen and Arbustini 2009, Nihoyannopoulos and
Dawson 2009, Muchtar, Blauwet et al. 2017). Although most causes of RCM are acquired,
several gene mutations have also been identified in patients with RCM (Mogensen and
Arbustini 2009, Nihoyannopoulos and Dawson 2009, Muchtar, Blauwet et al. 2017, Brodehl
and Gerull 2022). The most common mutated genes found in RCM are sarcomere-related
genes such as TTN (Peled, Gramlich et al. 2014), TNNI3 (Kostareva, Gudkova et al. 2009),
MYH7 (Greenway, Wilson et al. 2012), ACTC1 (Kaski, Syrris et al. 2008), etc. Mutations in
non-sarcomere genes such as DES (Brodehl, Pour Hakimi et al. 2019), TMEM87B (Yu,
Coughlin et al. 2016), FLNC (Brodehl, Ferrier et al. 2016), etc., have also been reported. Re-
cently, Paller et al. reported a truncation mutation of LMNA (c.835 delG:p.Glu279ArgfsX201)
in an RCM patient who had a significant biatrial enlargement, atrial fibrillation, and skeletal
muscle weakness. Both right and left ventricular size and function were normal, and histologi-
cal analysis revealed cardiac hypertrophy and focal interstitial fibrosis in the endomyocardial
tissue (Paller, Martin et al. 2018). How Lmna mutations cause RCM is not known; a plausible

mechanism could be the activation of profibrotic signaling, as discussed above.

1.3 Changes of chromosome architecture and gene expression in LMNA-associ-
ated cardiomyopathies

1.3.1 Lamina-asociated domains reorganization in cardiomyopathy

Cardiomyocytes differentiated from iPSCs have been used to understand the mechanisms and
pathophysiology of many cardiac diseases and provide a reliable tool for drug screening ap-
plications. Indeed, recent investigations using induced pluripotent stem cells (iPSCs) gave a
further insight into the role of LADs in cardiomyopathy. Several iPSC models of lamin-depend-
ent DCM have been reported so far such as R225X (Siu, Lee et al. 2012, Lee, Lau et al. 2017,
Bertero, Fields et al. 2019), K117fs (Lee, Termglinchan et al. 2019), T101 (Shah, Lv et al.
2021), R541C (Shah, Lv et al. 2021), K219T and R190W (Salvarani, Crasto et al. 2019). For
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instance, Lee et al. showed that iPSCs derived cardiomyocytes which carry a frameshift mu-
tation in LMNA that leads to the early termination of translation exhibit proarrhythmic activity in
both atrial- and ventricular-like cardiomyocytes compared to healthy controls. By using lamin
A/C Chip-seq and ATAC-seq, the authors showed that lamin A/C haploinsufficiency results in
reduced lamin A/C enrichment at LADs. Most of the gene promoters that resided in LADs
showed increased open chromatin in mutant iPS derived cardiomyocytes. The repressive chro-
matin marker H3K9me2 were less enriched in LADs and were not equally distributed through-
out the nuclear periphery in mutant iPSC-CMs. Consequently, genes associated with LADs
were more actively expressed in mutant cardiomyocytes compared to control and were func-
tionally enriched in terms associated with PDGF pathway. Inhibition PDGF pathway rescued
the arrhythmic phenotype, suggesting that PDGF inhibitors could be beneficial in preventing
fatal arrhythmias often manifested in patients with LMNA-related cardiomyopathy (Lee,
Termglinchan et al. 2019).

In addition, chromatin and expression analysis of CMs from patients with different LMNA-re-
lated DCM mutations revealed extensive rearrangement of LMNA—chromatin interactions in
DCM patients (Cheedipudi, Matkovich et al. 2019). The reorganization of lamin A/C LADs is
associated with altered CpG methylation and dysregulated expression of a large number of
genes involved in cell metabolism, the cell cycle, and cell death. Most of the LMNA-related
DCM patients’ samples used in this study showed a decrease in lamin A/C protein levels,
suggesting that LMNA LOF might account for the observed DNA, chromatin, and expression
changes (Cheedipudi, Matkovich et al. 2019).

As discussed above, different mutations may result in either a loss or a gain of function. An-
other study performed using iPSCs model showed a dominant negative truncation of the
K219T mutation (Salvarani, Crasto et al. 2019). In this study, the authors showed that the
SCNS5A genomic region is localized in the nuclear interior and actively transcribed in healthy
CMs and the Navl.5 sodium channel density at the plasma membrane is sufficient to assure
proper impulse propagation. However, in K219T mutant CMs, the lamin A/C binds PRC2 with
high affinity at the SCN5A promoter region. This leads to H3K27me3 and H3K9me3 repressive

histone mark deposition and SCN5A silencing.

1.3.2 Role of lamin A/C in chromatin organization and transcription in LMNA-related cardio-

myopathy

3D chromatin architecture remodeling also plays a role during cardiogenesis (Choy, Javierre
et al. 2018, Montefiori, Sobreira et al. 2018, Zhang, Li et al. 2019) and heart disease (Montefiori,
Sobreira et al. 2018). During human embryonic stem cell differentiation into cardiomyocytes,
stage specific promotor-enhancer loops form interaction networks around both cardiac pro-
genitors genes, such as GATA6, TBX5, NKX2-5 and MEF2A (Zhang, Li et al. 2019), as well
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as cardiomyocytes genes such as MYH6 and MYH7 (Choy, Javierre et al. 2018). The majority
of genome maintains the same compartment state throughout cardiomyocyte differentiation
(Bertero, Fields et al. 2019, Zhang, Li et al. 2019). However, a portion of genome changes
compartment. These changes correlate with an increased or decreased chromatin accessibility
(Bertero, Fields et al. 2019). In a recent study, Bertero et al. reported an association of LMNA
mutation with chromatin compartment dynamics in cardiomyocytes (Bertero, Fields et al. 2019).
By using human iPS cells carrying the haploinsufficient LMNA mutation R225X and two gene-
edited, isogenic control lines, the authors showed that mutant hiPSC-CMs have marked elec-
trophysiological defects such as prolonged action potenitals and enhanced calcium fluxes,
consistent with the disease phenotype. RNA-seq and Hi-C data showed that lamin A/C hap-
loinsufficiency strengthens the separation between chromosome territories and between chro-
matin compartments. In addition, the authors identified CACNALA as a disease-associated
gene that is dysregulated both on the gene expression level and its chromatin compartment
localization. CACNALA transitioned from the inactive B chromatin compartment to the active
A chromatin compartment correlating with the ectopic expression of this calcium channel in the
mutant cells. Furthermore, the authors showed that inhibition of CACNA1A rescued the elec-

trophysiological defects in mutant cells (Fig. 9) (Bertero, Fields et al. 2019).
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Figure 9. Chromatin compartmentalization dynamics in control and LMNA haploinsufficient CMs derived
from hiPSC. Reprint from (Mozzetta and Tedesco 2019). Permission is conveyed through Copyright Clearance
Center, Inc.

1.3.3 The role of polycomb group proteins in LMNA-related cardiomyopathy

Polycomb group (PcG) proteins are key epigenetic repressors during development and differ-
entiation (Dobreva and Braun 2012). In mammals, two major PcG complexes exist: Polycomb
repressive complex 1 (PRC1) and 2 (PRC2). PRC1 contains the E3 ligases Ring1A/B, which

26



Introduction

monoubiquitinate lysine 119 at histone H2A (H2A119Ubl) (Luis, Morey et al. 2012). PRC2
catalyzes di- and tri- methylates the Lys 27 of histone H3 (H3K27me2/3). The core of PRC2 is
formed by a complex between the proteins EED and SUZ12 with either EZH2 or EZH1
(Schuettengruber, Chourrout et al. 2007, Margueron and Reinberg 2011). To date, both PRC1
and PRC2 have been described to be important for in vivo or in vitro cardiac development and
differentiation(Dobreva and Braun 2012). Ezh2 mediated gene silencing in cardiac progenitors
has been shown to be essential for cardiomyocytes proliferation, survival, and postnatal car-
diac homeostasis. Inactivation of Ezh2 specifically in cardiac progenitors results in ectopic
transcriptional programs, which leads to lethal heart defects (Delgado-Olguin, Huang et al.
2012, He, Ma et al. 2012). PRC2 function is also required in cardiomyocytes to ensure proper
cardiac growth, because Eed deficiency by TnT-Cre leads to embryonic lethality and heart
defects, including compact myocardial hypoplasia (He, Ma et al. 2012). Compared with the
function of Ezh2 as a gene repressor in cardiac progenitors, Mell8, one of the PRC1 subunits,
functions as both a repressor and an activator during early cardiac mesoderm cell differentia-
tion (Morey, Santanach et al. 2015). Mell8 directly controls the activity of genes encoding
transcription factors essential for early cardiac mesoderm cell specification yet also directly
controls the expression of the negative regulators of the BMP pathway and genes involved in
late cardiac differentiation, pluripotency, and ectoderm and endoderm cell fate to ensure their
transcriptional repression in the early steps of cardiac differentiation (Morey, Santanach et al.
2015).

Downregulation of lamin A/C leads to dissociation of lamin A/C from promoters and remodels
repressive H3K27me3 and permissive H3K4me3 histone modifications by enhancing tran-
scriptional permissiveness (Lund, Oldenburg et al. 2013). This evidence suggests that the
lamin A/C might alter PcG protein activity and function. Indeed, several investigations have
shown that lamin A/C interacts with PRC in murine muscular cells (Cesarini, Mozzetta et al.
2015) and human 293 cells(Marullo, Cesarini et al. 2016). Downregulation of lamin A in my-
oblasts redistributes PRC2 complexes and leads to ectopic expression of polycomb targets
and premature activation of myogenic differentiation (Cesarini, Mozzetta et al. 2015). Since
lamin A/C also exists in nucleoplasmic (Naetar, Korbei et al. 2008), it is not surprising that
lamin A/C and PcG complexes may interact either at nuclear interior or nuclear periphery. By
using different combinations of antibodies against lamin A/C and PRC components, F. Marullo
et al. showed that lamin A/C interacts with PcG at nuclear interior in 293 cells (Marullo, Cesarini
et al. 2016). Lamin B1 also recruits the PRC2 to alter the H3K27me3 landscape and repress

genes involved in cell migration and signaling (Jia, Vong et al. 2019).

Interestingly, the lipodystrophy-associated LMNA p.R482W mutation is linked to epigenetic
alterations at the MIR335 promoter and enhancers after adipogenic induction. These include

decreased H3K27me3 deposition and increased H3K27 acetylation, suggesting a defective

27



Introduction

PRC2 recruitment or stabilization by the lamin A/C R482W mutant at the MIR335 locus
(Oldenburg, Briand et al. 2017). In a murine model of Emery-Dreifuss Muscular Dystrophy,
loss of lamin A/C deregulates PcG positioning in muscle satellite stem cells leading to de-
repression of non-muscle specific genes and p16INK4a, a senescence driver encoded in the
Cdkn2a locus. This aberrant transcriptional program causes impairment in self-renewal, loss
of cell identity and premature exhaustion of quiescent satellite cell pool (Bianchi, Mozzetta et
al. 2020). In a recent study using iPSC-CMs carrying the cardiac laminopathy associated
K219T mutation, it was shown that the binding of lamin A/C together with PRC2 at the SCN5A
promoter represses its expression, resulting in decreased conduction velocity (Salvarani,
Crasto et al. 2019). Together, aberrant PRC activity upon LMNA mutation might play an im-
portant role in LMNA-related cardiomyopathies (Fig. 10).
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Figure 10. Mutant lamin A/C and PRC2 bind each other with high affinity and repress cardiac gene expres-
sion. Reprint from (Salvarani, Crasto et al. 2019). Permission is conveyed through Copyright Clearance Center,
Inc.

1.4 Mechano-protective role of lamin A/C in heart

It has been recognized that mechanical forces act as an important regulator during develop-
ment and differentiation (Hahn and Schwartz 2009, Lemke and Schnorrer 2017, Vining and
Mooney 2017). Tissues and organs, like the heart which sustains high stress due to the regular
cyclic contraction and hemodynamic pressure are more sensitive to mechanical stimuli. Previ-
ous studies revealed that contraction of the heart primordium starts well before convective
transport is necessary (Fuijii, Hirota et al. 1981, Wiens, Mann et al. 1992, Hogers, DeRuiter et

al. 1995) and the hemodynamic forces generated from early cardiac contraction influence heart
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morphogenesis. Experimental alteration of the hemodynamics during cardiogenesis can in turn,
induce cardiac defects (Hogers, DeRuiter et al. 1999, Sedmera, Pexieder et al. 1999). In ad-
dition, the blood flow generated by embryonic cardiac contraction imposes a cyclic force on
the endocardium or over the entire wall of the developing heart. The frictional force applied to
the apical surface of the endothelial cells by blood flow activate Notch signaling which is es-
sential for epithelial-mesenchymal transition in the endocardial cushions and for trabeculae
formation in the developing common ventricle (Timmerman, Grego-Bessa et al. 2004, Grego-
Bessa, Luna-Zurita et al. 2007, Niessen and Karsan 2008).

The biomechanical forces can be sensed by mechanosensors and activate mechano-respon-
sive signaling, such as RhoA, MAPK, JAK/STAT, PKC, YAP, TAZ, SFR, calcineurin and intra-
cellular calcium regulation. Until now, a large number of mechanosensor proteins related to
the cytoskeleton (e.g. intermediate filaments, Microtubules), cell-substrate (e.g. integrins) and
cell-cell adhesions (e.g. cadherins, Ca2+ dependent transmembrane adhesion molecules)
have been identified (Ward and Iskratsch 2019). The nuclear lamin A/C which lies below the
inner nuclear membrane tethers the nucleus to the cytoskeleton via the linker of the nucleo-
skeleton and cytoskeleton (LINC) complexes. The LINC complexes consist of SUN domain
proteins in the inner nuclear membrane and Klarsicht—-ANC-1-SYNE homology (KASH) do-
main proteins in the outer nuclear membrane (Sosa, Rothballer et al. 2012). As SUN proteins
bind lamins while KASH proteins bind the contractile cytoskeleton interacting with the extra-
cellular matrix or neighboring cells via adhesion complexes, thus, the LINC complexes form a
direct physical link between the nucleoskeleton and the cytoskeleton and play a key role in
mechanotransduction (Méjat 2010, Rothballer, Schwartz et al. 2013, Tapley and Starr 2013).

Lamin A/C deficient fibroblasts revealed increased numbers of misshapen nuclei, severely re-
duced nuclear stiffness, decreased cell viability and reduced mechanosensitive genes expres-
sion in response to mechanical distortion (Lammerding, Schulze et al. 2004, Lammerding,
Fong et al. 2006). When cardiomyocytes are stretched excessively, detectable physical
changes occur in a stretch-length dependent manner, including increases in cardiomyocytes
length or width, increases in nuclear length, and reduced wrinkling of the nuclear envelope,
which can be accompanied by pathological cardimyocyte dysfunction, cardiac hypertrophy and
fibrosis (Bloom and Cancilla 1969).

In a recent study, lamin A/C levels were reported to be regulated in response to mechanical
stimuli. The authors showed that lamin A/C plays a key role in stiffening the nucleus, prevent-
ing the nucleus from rupture, and keeping DNA repair factors in the nucleus. Knockdown of
LMNA in embryonic hearts leads to mis-localization of fluorescently tagged DNA repair factors
outside of the nucleus, cell-cycle arrest and aberrant beating. When hiPSC-CMs were cultured
on stiff matrices, DNA repair factors were again mis-localized due to nuclear envelope rupture,

which was aggravated by LMNA knockdown. Importantly, treatment of LMNA knocked down
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cells with blebbistatin on rigid plastic rescued nuclear rupture as well as DNA damage. More-
over, cyclic (passive) stretching of cardiomyocytes and U20S cells also led to DNA damage
and mis-localization of DNA repair factors especially after LMNA knockdown, confirming the
link between mechanical forces, LMNA levels, and nuclear damage (Fig. 11) (Cho, Vashisth
et al. 2019).
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Figure 11. Mechanosensing by the lamina protects against nuclear rupture, DNA Damage, and Cell-Cycle
arrest. Reprint from (Cho, Vashisth et al. 2019). Permission is conveyed through Copyright Clearance Center, Inc.

Recent work has also shown that lamin A/C connects the LINC complex and directly translates
mechanical cues and changes in extracellular matrix mechanics into alterations in chromatin
structure and transcriptional activity (Lityagina and Dobreva 2021). When rat cardiomyocytes
are stretched, there are changes in the spatial arrangement of both the desmin lamin interme-
diate filament network and the nuclear envelope-associated chromatin, which indicates that
stretch induced changes in chromatin can lead to activation of hypertrophy-associated genes
(Bloom, Lockard et al. 1996). In nucleus, chromosome maintains its own discrete territory dur-
ing interphase and genes tend to be nonrandomly positioned and preferentially near the sur-
face of chromosome territories (Volpi, Chevret et al. 2000, Cremer, Kupper et al. 2004). The

3D organization of genes in chromosomal territories may allow regulation of their expression
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through physical interaction with forcetransmitting structures within the nucleus. A recent work
has shown that local stresses applied to integrins propagate from the tensed actin cytoskeleton
to the LINC complex and then through lamina-chromatin interactions to directly stretch chro-
matin and upregulate transcription(Tajik, Zhang et al. 2016). Interestingly, nuclear elongation
and chromatin dispersion are evident in LMNA deficient cardiomyocytes (Nikolova, Leimena
et al. 2004). Chromatin decondensation is shown to correlate with nuclear stiffness and extrin-
sic forces may directly upregulate transcription by deforming the nucleus (Pagliara, Franze et
al. 2014), which indicates that loss of lamin A/C may lead to chromatin stretched at mechano

sensitive genes.
1.5 Heart development

1.5.1 Mouse heart development

During vertebrate embryogenesis, the heart is the initial vital organ to form, enabling the effi-
cient circulation of nutrients and removal of metabolic waste. Once the embryo grows to a size
at which passive diffusion is no longer effective, the heart becomes essential. Fate mapping
research has revealed that the lateral epiblast is the major source of embryonic mesoderm,
with the heart mesoderm being localized to the posterior areas of the lateral epiblast
(Parameswaran and Tam 1995, Tam, Parameswaran et al. 1997). At the early primitive streak
stage, cells in the anterior and posterior epiblast are not yet to commit to a cardiac fate, and
their ultimate fate is determined by their location (Tam, Parameswaran et al. 1997). During the
mid-streak stage, the first cardiac progenitors ingress and position themselves within the an-
terior area of the primitive streak, in close proximity to the cranial mesoderm progenitors (Fig.
12a). Mespl is transiently expressed during the primitive streak stage, and is subsequently
turned off as cardiac precursors migrate away from the primitive streak. Moreover, descend-
ants of Mespl1+ cells colonize the entire myocardium enabling Mesp1 to be reliably used as an

early cardiac precursor marker (Saga, Hata et al. 1996).

At embryonic day 7.5 (E7.5), cells extend across the midline and form the cardiac crescent, an
epithelial structure where differentiated myocardial cells can be observed (Fig. 12c). In this
stage, cardiac precursors irreversibly commit to cardiovascular lineages and begin to express
transcription factors such as Nkx2-5, Gata4 and Isll. These cardiogenic cells are multipotent
and give rise to cardiomyocytes, endothelial cells, and vascular smooth muscle cells in the
developing heart (Kattman, Huber et al. 2006).

Subsequently, the cardiac crescent goes on to fuse at the midline to form the early heart tube
(Fig. 12d). Clonal analyses in the mouse embryo revealed the existence of two lineages that
segregate early from a common precursor and contribute to the myocardium of the heart

(Meilhac, Esner et al. 2004). The first lineage gives rise to left ventricular myocardium, while
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the second lineage forms the outflow tract and most of the right ventricular myocardium, with
both lineages contributing to the atria and other parts of the heart (Meilhac, Esner et al. 2004).
By embryonic day 7.5, the first lineage has already begun differentiating into cardiomyocytes
in the cardiac crescent, while the second lineage remains as progenitor cells, located medially
to the crescent and more posteriorly in the splanchnic mesoderm. These cells contribute to
different regions of the developing heart. Based on the contributions of the first and second
myocardial cell lineages, the sources of these cardiac cells are referred to as the first heart
field (FHF, shown in red in Fig. 12c) and second heart field (SHF, shown in green in Fig. 12c)
respectively.

The early cardiac tube forms through fusion of the cardiac crescent at the midline with FHF
cells forming the primary heart tube and SHF cells being added to the poles of the primary
heart tube (E8.0). By E8.5, the heart tube, which is composed of an inner layer of endocardium
and an outer layer of myocardium, elongates from both the arterial and venous poles (Fig. 12e).
Subsequently, the myocardial layer expands and proepicardial progenitor cells migrate over
the surface of the heart, contribute fibroblasts that invade the myocardial layer, and form the
outermost epicardial layer. Complex asymmetric morphogenetic movements coupled with un-
even growth rates contribute to heart tube looping and chamber formation. A series of septa-
tion events results in a fully functional four chambered heart integrated with systemic and pul-
monary circulation. Neural crest cells, which migrate from the dorsal neural tube and invade
the cardiac outflow tract, also contribute to the smooth muscle of the great vessels and the
innervation of the heart.
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Figure 12. Overview of the mouse heart development. a Myocardial progenitor cells originate from the primitive
streak (PS), from where they migrate to the anterior of the embryo at about embryonic day E6.5. Red: first cell
lineages. b and ¢ After gastrulation, cardiac progenitors migrate laterally towards the head folds at E7.25 (b) ,
where the cardiac crescent forms at E7.5 (c). red, first cell lineages; green, second cell lineages. d The early cardiac
tube forms through fusion of the cardiac crescent at the midline (ML) at E8.0. e At E8.5, the heart tube, which is
composed of an inner layer of endocardium (yellow) and an outer layer of myocardium (orange), elongates from
both the arterial (Ap) and venous (Vp) poles (arrows). f Front view of the looped heart tube at E9.5, at which cardiac
neural crest cells (c(NCC) migrate from the pharyngeal arches (PA) to the arterial pole (Ap) and the proepicardial
organ (PEO) forms in the vicinity of the venous pole (Vp). g By E10.5, the heart has acquired well defined chambers,
but is still a tube. Cardiac neural crest cells (cNCC) from the dorsal neural tube migrate via the pharyngeal arches
to the cardiac outflow tract (OFT). h By E14.5, the chambers are now separated and connected to the pulmonary
trunk (PT) and aorta (Ao). R, right; L, left; AA, aortic arch; IVC, inferior vena cava; IVS, interventricular septum; OFT,
outflow tract; PV, pulmonary vein; PT, pulmonary trunk; SVC, superior vena cava; Tr, trabeculae; RA, right atrium;
RV, right ventricle, LA, left atrium; LV, left ventricle; cNCC, cardiac neural crest cells; PEO, proepicardial organ,
FHF, first heart field; SHF, second heart field; Ap,arterial pole; Vp, venous pole. Reprint from (Buckingham, Meilhac
et al. 2005, Vincent and Buckingham 2010, Epstein, Aghajanian et al. 2015, Meilhac and Buckingham 2018). Per-
mission is conveyed through Copyright Clearance Center, Inc.

1.5.2 Early cardiac precursor within the primitive streak

Mespl, a transcription factor of the b-HLH family, is expressed the earliest, at E6.5 along the
primitive streak, and marks the nascent cardiac mesodermal population, and is then rapidly
downregulated after E7.5 (Saga, Hata et al. 1996). Genetic tracing showed Mespl markes of
most (70%) cells in the heart (Ragni, Diguet et al. 2017). Mesp1l deficieny leads to servere
cardiac defects and lethality by E10.5 (Saga, Miyagawa-Tomita et al. 1999). Furthermore, abli-
gation of Mespl and its homolog Mesp2 results in mesodermal layer defect and lethality at
E9.5 (Kitajima, Takagi et al. 2000). Transient Mespl expression in embryonic stem cell (ESC)
promotes changes associated with epithelial-mesenchymal transition (EMT) and is sufficient
to induce cardiovascular mesoderm, including endothelial cells, smooth muscle cells, and car-
diomyocytes, while the development of other mesodermal lineages were inhibited (David,
Brenner et al. 2008, Lindsley, Gill et al. 2008). These observations showed that Mespl is re-
sponsible for specifying a cardiovascular fate within the mesoderm by acting as a master reg-

ulator at the apex of a hierarchy of cardiac transcription factors.

1.5.3 First heart field and second heatrt field

The first and second heatrt field progenitors are derived from a common progenitor that segre-
gates into distinct heart field precursors early at the onset of gastrulation (Meilhac, Esner et al.

2004). Reliable molecular markers of the first heart field are lacking because myocardial cells
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express Handl and Thx5 which are regarded as the first heart field markers are also detected
in a subpopulation of cells of SHF (Barnes, Firulli et al. 2010, Rana, Théveniau-Ruissy et al.
2014). Markers for second heart progenitors include Isl1, Fgf10 and Tbx1. Isl1 is a LIM-home-
odomain transcription factor previously studies showed that most of the early second heart
field myocardial, smooth muscle, and endothelial cells are derived from multipotent Isl1+ car-
diovascular progenitors (Moretti, Caron et al. 2006, Bu, Jiang et al. 2009). Isl1 mutant mice
show defects at the venous pole and aterial pole development, including major defect in right
ventricular and outflow tract development (Cai, Liang et al. 2003). In the anterior SHF, Isl1
directly activates the enhancers of Mef2c and is regulated by Gata4 and Foxc2. Fgfl0 is ex-
pressed in the anterior SHF and is required for the development of the right ventricle and out-
flow region of the heart (Watanabe, Miyagawa-Tomita et al. 2010). Whereas, Tbhx1 marks cells
that contribute to the inferior part of the outflow tract (Baldini, Fulcoli et al. 2017). Transcription
factors Gata4 and Nkx2-5 are widely expressed in both FHF and SHF in the early cardiac
crescent at E7.5. Homozygotes Gata4 deficient embryos show developmental defects, includ-
ing lack of primitive heart tube and foregut and developed partially outside the yolk sac. These
mutant embyros arrest in development between E7.0 and E9.5 die between 8.5 and 10.5 (Kuo,
Morrisey et al. 1997, Molkentin, Lin et al. 1997).

1.5.4 Different cardiac cell types during heart development

The heart is predominantly made up of epicardium, myocardium, endocardium and cardiac
fibroblasts (Doetschman and Azhar 2012). All the components of the heart origninate from
mesoderm except for neural crest cells which derive from neurectoderm. The myocardium is
the thickest layer which lies between the innermost endocardium layer, and the outermost
epicardium layer and is composed of multiple highly specialized myocardial lineages, including
those of the ventricular and atrial myocardium, and the specialized conduction system (Evans,
Yelon et al. 2010). As discussed above, two major lineages contribute to the myocardium of
the heart. The first lineage contributes left ventricular myocardium, whereas the second lineage
is the source of outflow tract and most right ventricular myocardium, with both lineages con-

tributing to the atria and other parts of the heart (Meilhac and Buckingham 2018).

Endocardium constitutes the inner endothelial layer of the heart. During heart development,
Nfatc1l+ endocardium gives rise to endothelial cells of the coronary vasculature, most mesen-
chymal cells that constitute the cardiac cushions and subsequently contribute to the heart
valves (Fig. 13). A subpopulation of Nkx2-5+ endocardial cells present mainly in the outflow
tract and dorsal atria from E8.0 also gives rise to haematopoietic cells (Meilhac and

Buckingham 2018). Epicardium is the outermost layer of the heart and originates from proepi-
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cardium, a transitory cluster of mesothelial cells protruding from septum transversum mesen-
chyme near the venous pole of the heart (Quijada, Trembley et al. 2020). Epicardial cells con-
tribute a number of cell types to the heart, including smooth muscle cells of the coronary ves-
sels, cardiac fibroblasts, and potentially a subset of cardiomyocytes. Grafting experiments
have shown that myocardium, endocardium and epicardium share a common origin marked
by Isl1 and Nkx2-5. Markers of epicardial include Thx18 and Wtl1 (Meilhac and Buckingham
2018, Quijada, Trembley et al. 2020).
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smooth muscle cells; FBs, fibroblasts; MCs, Mesenchymal cells. Reprint from (Meilhac and Buckingham 2018).
Permission is conveyed through Copyright Clearance Center, Inc.

1.5.5 Cardiac cushions and valve formation

As already mentioned above, at E8.5, the heart tube is composed of an outer layer of myocar-
dium and an inner lining of endocardial cells, separated by an extensive extracellular matrix
(ECM) referred to as the cardiac jelly. After rightward looping of the heart (E9.5), the cardiac
jelly overlying the future atrioventricular canal (AVC) and outflow tract (OT) expands into swell-
ings known as cardiac cushions (Fig. 14) (O'Donnell and Yutzey 2020). These cardiac cush-
ions then become populated with mesenchymal cells that are derived from a subpopulation of
endocardial endothelial cells that undergo endothelial-to-mesenchymal transition (EndoMT),
refered to as valve primordia. The valve primordia elongate and stratify into mature valve leaf-
lets through a combination of cell proliferation and ECM synthesis (O'Donnell and Yutzey 2020).
The remodeling process continues until birth when the endocardial cushions eventually be-
come the mature heart valves with thin leaflets (Wang, Fang et al. 2021). A numbers of signal-
ing are involved in valve formation. For example, Tbx2 and Thx3 stimulate cardiac jelly for-
mation in endocardial swellings in the atrioventricular canal (AVC). Myocardial BMP signaling
and endocardial Notch1, Wnt/B-catenin, TGFf3 and Hippo/Yap1 signaling promote EndoMT
and the expression of the mesenchymal markers Twist, Msx1/2 and Snail (O'Donnell and
Yutzey 2020).
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Figure 14. Valves and valve development in the mammalian heart. a The adult mammalian heart consists of
four chambers: the left and right atria, and the left and right ventricles, which are separated by four valves. The
atrioventricular (AV) valves, which include the mitral valve and the tricuspid valve, lie between the atria and the
ventricles; the semilunar (SL) valves, which include the pulmonary valve and the aortic valve, lie between the ven-
tricles and the outflow tracts. b After rightward looping of the heart (E9.5), the cardiac jelly overlying the future
atrioventricu-lar canal (AVC) and outflow tract (OT) expands into swellings known as cardiac cushions. These car-
diac cushions then become populated with mesenchymal cells that are derived from a subpopulation of endocardial
endothelial cells that undergo endothelial-to-mesenchymal transition and migrate internally, refered to as valve pri-
mordia. The valve primordia elongate and stratify into mature valve leaflets through a combination of cell prolifera-
tion and ECM synthesis. Reprint from (Wang, Fang et al. 2021). Permission is conveyed through Copyright Clear-
ance Center, Inc.
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1.5.6 Myocardial compaction and trabeculation

Ventricular trabeculation and compaction are essential for creating a functionally competent
ventricular wall. The trabeculation starts from embryonic day 8.5 (E8.5) when the heart tube is
composed of a slowly proliferative epithelial myocardium and an inner endocardium lining the
lumen with extracellular matrix (cardiac jelly) in between (Fig. 15) (Bartman and Hove 2005,
Zhang, Chen et al. 2013). As the myocardium thickens, endocardial cells invaginate and car-
diomyocytes in specific regions along the inner wall of the heart form sheet-like protrusions
into the lumen to give rise to trabecular myocardium, while the outside layer of myocardium
becomes the base for forming the compact myocardium later in development (MacGrogan,
Miinch et al. 2018). A rapidly dividing outer layer of compact myocardium and a slowly dividing
inner trabecular myocardium are defined at this stage. Various cellular mechanisms, including
oriented cell division, cardiomyocyte migration, epithelial-to-mesenchymal transition (EMT)-
like process, as well as proliferation are involved in formation of these protrusions (MacGrogan,
Minch et al. 2018). Ventricular trabeculation has been suggested to facilitate oxygen and nu-
trient exchange by increasing surface area in early embryonic hearts which does not have a
coronary circulatory system (Sedmera, Pexieder et al. 2000). At around E13.5, the trabecular
myocardium collapses towards the myocardial wall in a process termed compaction, which
contributes to forming a thicker, compact ventricular wall. In parallel, coronary vessels begin
to form to nourish the thickening compact myocardium. Compaction continues postnatally and
concludes approximately at postnatal day 28 (P28) in mice (Sedmera, Pexieder et al. 2000,
MacGrogan, Munch et al. 2018).
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Figure 15. Ventricular chamber development: trabeculation and compaction. a The initial stages of trabecu-
lation starts from embryonic day 8.5 (E8.5) when the heart tube is composed of an inner endocardium and a slowly
proliferative epithelial myocardium. b At E9, the trabeculae myocardial protrusions covered by endocardium appear
bulging towards the ventricular lumen. Various cellular mechanisms, including oriented cell division are involved in
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formation of these protrusions. ¢ and d By E9.5-E10.5, a growing trabecular network is formed by oriented cell
division, cardiomyocyte migration, epithelial-to-mesenchymal transition (EMT)-like process, and proliferation. A rap-
idly dividing outer layer of compact myocardium and a slowly dividing inner trabecular myocardium are defined at
this stage. e and f By E11.5, trabeculae form a complex network, and at around E13.5, compaction begins and
trabeculae integrate into the compact myocardium. In parallel, coronary vessels begin to form to nourish the thick-
ening compact myocardium. g At E15.5, the trabecular myocardium or inner myocardial wall (IMW), the intermediate
myocardium or hybrid myocardial zone (HMZ), and the compact myocardium or outer myocardial wall (OMW) can
be distinguished. h and i Compaction continues postnatally and concludes approximately at postnatal day 28 (P28)
in mice. ECM, extracellular matrix. Repirnt from (MacGrogan, Minch et al. 2018). Permission is conveyed through
Copyright Clearance Center, Inc.
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1.6 Objective

LMNA mutations lead to broad range of LMNA-related cardiomyopathies, however, the precise
mechanism is still largely unexplored. Modeling of LMNA cardiomyopathies in vitro using in-
duced pluripotent stem cell (iPSCs)-derived CMs revealed increased chromatin accessibility
at LADs upon LMNA haploinsufficiency, resulting in PDGF pathway activation contributing to
an arrhythmic phenotype (Lee, Termglinchan et al. 2019). However, analysis of the 3D genome
organization in CMs of another LMNA haploinsufficient model, which also showed contractile
alterations (Bertero, Fields et al. 2019), did not detect pronounced changes in chromatin com-
partmentalization into open and closed states that could explain the altered transcriptional ac-
tivity. This leaves the question open to whether lamin A/C-mediated 3D chromatin architecture
plays a role in LMNA cardiomyopathies. Furthermore, these studies were conducted in CMs
as it has been long thought, that A-type lamins play an important function after commitment of
cells to a particular differentiation pathway, such as CMs. However, a developmental origin of
cardiac laminopathies have been suggested using mouse embryonic stem cells (MESCs) and
a mouse model harboring Lmna p.H222P mutation, causing Emery-Dreifuss muscular dystro-
phy and cardiomyopathy. Lmna p.H222P mutation resulted in impaired epithelial-to-mesen-
chymal transition of epiblast cells, which in turn caused CM differentiation defects. The aim of
this study is:

(1) Does lamin A/C loss of function results in defects in heart development?

(2) How does lamin A/C loss of function affect chromatin organization and gene expression
during cardiac development?

(3) How does lamin A/C affect cardiomyocyte function and the function of the heart?
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2 MATERIALS AND METHODS

2.1 Materials

2.1.1 Equipment

Equipment Source of supply
Agilent 2100 Bioanalyzer System Agilent

Bacterial incubator 37°C Thermo Scientific
Balance LC 4800 P Sartorius

BD FACSCanto Il BD Biosciences
Binocular microscope M165FC Leica

Binocular microscope MZ16FA Leica

Cell culture incubator

Thermo Scientific

Cell culture safety cabinet

Thermo Scientific

Centrifuge HERAEUS Fresco 17

Thermo Electron Corporation

Centrifuge HERAEUS Multifuge 1S-R

Thermo Electron Corporation

Centrifuge HERAEUS Pico 17

Thermo Electron Corporation

Cold light source KL2500 LCD Zeiss
Confocal microscope LSM 700 Zeiss
Developing machine GE Healthcare
Diagenode Bioruptor Homogenizer Diagenode
Fluorescence microscope DM6000B Leica
GentleMACS™ Dissociators Miltenyi Biotec
Heating block TH 21 HLC BioTech
Light microscope Wilovert S Hund Wetzlar
MyoPacer lonOptix

Qubit™ Fluorometer

Thermo Scientific

Real-Time StepOne Plus Real-Time PCR System

Applied Biosystems

Rocking platform 444-0142 VWR

Rotator SB3 Stuart

SDS-PAGE apparatus Bio-Rad

Sonifier Sonopuls GM 2070 Bandelin electronic
Thermal cycler C1000 Touch BIO-RAD

Thermo block 5436 Eppendorf

Thermo block MHR 23 HLC BioTech

Vevo 3100 imaging system Visualsonics

Vortexer VF2 IKA®-Labortechnik Staufen
Water bath cell culture WMB 22 Memmert

Water bath Julabo U3 Julabo Labortechnik GMBH
Western Blotting Transfer apparatus Bio-Rad
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2.1.2 Chemicals

Chemicals Source of supply Reference number
1 kb Plus DNA ladder (0.1-10.0 kb) NEB N3200L
Agarose NEEO Ultra Roth 2267.3
Albumin fraction V (BSA) Roth 8076.2
Ammonium persulfate (APS) Sigma A3678-25G
Ampicillin sodium salt Sigma A99518-25G
0 . . .
Q%Léiosli)sl,usz% rf)(g;:'r%/:li;mde and bisacrylamide Carl Roth 3029.1
Bromophenol Blue Sigma B0126
BSA (for ChIP) NEB B9000s
Chloroform (CHCIs) Roth 3313.4
Dimethyl sulfoxide (DMSO) Sigma D2438
Dithiothreitol (DTT) Roth 6908.3
Dry-milk, non fat milk Cell Signling 9999
dNTP (Nucleoside triphosphate) Set 1 Roth 178.1
Ethanol Roth K928.3
Ethanol Sigma 459844
Ethidium bromide solution Sigma E1510-10ML
Ethylene glycol tetraacetic acid (EGTA) Roth 3054.2
Ethylenediaminetetraacetic acid (EDTA) Sigma E5134-250G
Formaldehyde Sigma F8775
FUGENE® HD Transfection Reagent Roche 4709705/100
Formamide (CH3NO) Fluka 47670
Gelatin from bovine skin, Type B Sigma G9391-100g
Glycerol Roth 3783,1
Glycine Sigma 15527
Halt Protease Inhibitor Cocktail (100X) 5 mL Thermo Fischer 78429
Hexadimethrine bromide (polybrene) Sigma-Aldrich H9268
Isopropanol (C3HsO) Roth 6752,4
Kanamycinsulfate Roth T832,1
LB-agar Roth X965,2
LB-medium Roth X964,2
Magnesium chloride (MgCl) Sigma M2393-500G
Methanol (CHsOH) Roth 4627.5
Nonidet P-40 (NP-40) Fluka 74385
'[F:)agsecl)?tllSaLPlus Prestained Protein Ladder, 10 Thermo Fischer 26620
Paraformaldehyde (PFA) Thermo Fischer 12587010
Phosphatase inhibitor cocktail set Millipore 524632-1SET
Poly(2-hydroxyethylmethacrylate) (PolyHEMA) | Sigma P3932-10G
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Potassium chloride (KCI) Roth 6781.3
Puromycin Dihydrochloride 10x1 mL Thermo Fischer A1113803
Sodium dodecyl sulfate (SDS) Sigma L4390-100G
?I\?;Iﬁ;??gzo-sﬂg%tf monobasic monohydrate Sigma-Aldrich 53522-1KG
(S’\cl)géllj_'rggff.spl)gatzec;j)lba5|c dodecahydrate Sigma-Aldrich 04273
Salmon sperm DNA Upstate 16-157
Tetramethylethylenediamine (TEMED) Roth 2367,1
Tris(hydroxymethyl)aminomethane (TRIS) Roth 4855.2
Triton X-100 Sigma X100-500ML
TRIzol LS Reagent 200 mL Thermo 10296028
TRIzol® reagent Invitrogen 15596026
Tween 20 Sigma T2700-500ML
B-mercaptoethanol (C2HsSO) Sigma 60-24-2

2.1.3 Cell culture medium and supplements

Medium/supplements Source Catalogue number
rE:]MEM (1x) high glucose. no gluta- Gibco 10938-025
p[))llt\aﬂrﬁgﬂﬁthlgh glucose. GutaMAX sup- Gibco 61965-026
DMEM/F-12 Medium no glutamine Gibco 21331020
Ham's F 12 Nutrient Mix Gibco 11765054
IMDM Gibco 12440053
KnockOut DMEM medium Gibco 10829-018
Neurobasal medium Gibco 1103049
StemPro™-34 SFM Gibco 10639011
Essential 8 (E8) medium Gibco A1517001
Fetal Bovine Serum Gibico 16000044
Opti-MEM Gibico 31985062
Polybrane Sigma-Aldrich H9268
Horse serum, heat inactivated Gibico 26050088
KnockOut Serum Replacement Gibco 10828-028
L-Glutamine Gibco 25030-024
Non-essential amino acids Gibco 11140-035
Penicillin-Streptomycin Gibco 15140-122
Sodium pyruvate Gibco 11360-039
B27 supplement Gibco 17504-044
i21708nzjlr_aplement (50X) minus vitamin Gibco 12587-010
N2 supplement Gibco 17502-048
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Activin A R&D systems 338-AC
VEGF R&D systems 293-VE-010
bFGF R&D systems 233-FB
BMP4 R&D systems 314-BP
FGF10 R&D systems 345-FG
IGF STEMCELL 78022.1
Recombinant human insulin Sigma 91077C
PD0325901(Merk inhibitor) Selleckchem S1036
CHIR99021(GSK3 inhibitor) Selleckchem S1263
SP600125(JNK inhibitor) Selleckchem S1460
BIRB796(p38 inhibitor) Selleckchem S1574
Y-27632(Rock inhibitor) STEMCELL 72302
IWP2(WNT inhibitor) STEMCELL 72122
L-Ascorbic Acid Sigma A4403
Leukemia inhibitory factor Millipore ESG1107
Recombinant human LIF Miltenyibiotec 130-108-156
StemPro Accutase Thermo Fisher A1110501
Trypsin-EDTA (1x) 0.05% Gibco 25300-054
1-Thioglycerol Sigma M6145
7.5% BSA Gibco 15260037
AlbuMAX™ | Lipidreiches BSA Thermo 11020021
DMSO Sigma D2650
DPBS Gibco 14190-094
FBS Gibco 10270-106
Gelatin Sigma G9391
Corning Matrigel Growth Factor Re-

duced (GFR) Basement Membrane Corning 354230
Matrix

Laminin Corning 354232
Poly-L-lysine solution Sigma P4832
Lipofectamine 2000 Invitrogen 11668019
Lipofectamine 3000 Invitrogen L3000008
![-i:)pnoﬁggzrglnr][e"" RNAIMAX Transfec- Invitrogen 13778075
Mitomycin Sigma M4287
Poly (2-hydroxyethyl methacrylate) Sigma P3932
Puromycin Gibco A11138-03
)é;;zrgﬁ?ENE HP DNA Transfection Roche 6366236001
B-mercaptoethanol Sigma M3148
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2.1.4 Buffers and solutions

Medium/buffer

Recipe

Usage

ESC medium

DMEM + High glucose,

15% FBS,

2 mM L-Glutamine,

0.1 mM B-mercaptoethanol,
0.1 mM nonessential amino
acids,

0.1 mM sodium pyruvate,

1% Penicillin-Streptomycin
1000 U/ml leukemia inhibitory
factor

mESC

MEF medium

DMEM +High glucose

10% FBS,

2 mM L-Glutamine,

0.1 mM B-mercaptoethanol,
0.1 mM nonessential amino
acids,

0.1 mM sodium pyruvate,
1% Penicillin-Streptomycin

MEF, NIH3T3, feeder
cells

HEK293T medium

DMEM. high glucose. Guta-
MAX supplement

10% FBS,

0.1 mM nonessential amino
acids,

0.1 mM sodium pyruvate,
1% Penicillin-Streptomycin

HEK293T

Neurobasal, DMEM/F12 medium

50% Neurobasal,

50% DMEM-F12,

1x N2 supplement,

1x B27 supplement,

1% Penicillin-Streptomycin,
2 mML-Glutamine,

0.05% BSA,

0.01% 1.5x10* M monothio-
glycerol,

10 ng/ml BMP4,

2000 U/ml LIF

Direct cardiac diffe-
rentiation

Differentiation medium

75% IMDM,

25% F12,

1x N2,

1x B27 supplement without
VA,

1% Penicillin-Streptomycin,
1% 50 pg/ml L-Ascorbic acid,
0.04% 4.5x10-4 M monothio-
glycerol

Direct cardiac diffe-
rentiation
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Stempro-34 medium

Stempro-34 medium,
2.6% StemPro supplement,
100U/ml Penicillin-Streptomy-

Direct cardiac diffe-
rentiation

cin
50mM TRIS-HCI pH=7.5
Co-IP buffer iggnrrl\m/lMElSl;;-C':Al immunoprecipitation
0.1% (v/v) Triton X-100
2.1.5 Kkits
Kit Source of supply Reference number
2x SYBR Green master mix Applied Biosystems 4367659
gg‘;gﬂ%ﬁg&;?me Westem Blotting | o peaithcare RPN2232
SBiisoanalyzer High Sensitivity DNA Analy- Agilent 5067-4626
Chip DNADb Clean&Concentrator Zymo D5205
GenEluteTM gel extraction kit Sigma NA1111
GenEluteTM HP plasmid midiprep kit Sigma NAO0200
GenEluteTM HP plasmid miniprep kit Sigma NAO0160
GenEluteTM PCR clean-up kit Sigma NA1020
Egg}h}-(iapacity cDNA Reverse Transcrip- Applied Biosystems 4368813
I\N/IIiEXBNext High-Fidelity 2X PCR Master NEB MO541S
E\IQIEGI?I,rI:IO(Ie;t(@;Ir\I/Imuglr[;I)ex OI!gos for Hlumina® NEB E6609S
mina® (incox Primers Set 1) | NEB 73355
Pierce™ BCA Protein Assay Kit Thermo Scientific 23225
Qubit dsDNA HS Assay Kit-100 assays Thermo Fisher S Q32851
RNeasy Plus Universal Mini Kit 50 Qiagen 73404
ggﬁ;ﬁ;g;asl;ﬁs\{[\igz Femto Maximum Thermo Fisher 34094
Nick Translation Kit Roche 10976776001
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2.1.6 Consumables

Cell culture materials

Source of supply

Reference number

15ml Centrifuge Tubes Greiner Bio-One 188271
50ml Centrifuge Tubes Greiner Bio-One 227261
5ml Plastic pipet Greiner Bio-One 606180
10ml Plastic pipet Greiner Bio-One 607180
25ml Plastic pipet Greiner Bio-One 760180
6-cm dish (cell culture) Greiner Bio-One 628160
10-cm dish (cell culture) Greiner Bio-One 664160
15-cm dish (cell culture) Greiner Bio-One 639160
10-cm petri-dish Greiner Bio-One 633180
6-well plates (cell culture) Greiner Bio-One 657160
12-well plates (cell culture) Greiner Bio-One 665180
24-well plates (cell culture) Greiner Bio-One 662160
48-well plates (cell culture) Greiner Bio-One 677180
96-well plate F bottom with lid Greiner Bio-One 655180
96-well plate V bottom with lid Greiner Bio-One 651180
Reservior VWR 89094-664
2.1.7 Antibodies
Antibody Source Catalogue number
Cat# sc-376248,
Mouse monoclonal anti-LaminA/C (E-1) Santa Cruz RRID:
AB 10991536
. : Cat# ab8984, RRID:
Mouse monoclonal anti-LaminA/C (131C3) Abcam AB_306913
Cat# ab16048,
Rabbit polyclonal anti-LaminB1 Abcam RRID:
AB 10107828
. . . : Cat# HPA050524,
Rabbit polyclonal anti-LaminB1 Sigma RRID: AB 2681156
Mouse monoclonal anti-LaminB1 (B10) Santa Cruz Cat# sc-374015
. Cat# sc-1237,
Goat polyclonal anti-Gata4(C-20) Santa Cruz RRID: AB_ 2108747
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Cat# sc-5279,

H2A.X (Ser139)

Mouse monoclonal anti-OCT3/4 (C-10) Santa Cruz RRID: AB_628051

. . : Cat# HPA051884,
Rabbit polyclonal anti-MYL4 Sigma RRID: AB_ 2681651

. , , Cat# ab56357,

Goat polyclonal anti-Cardiac Troponin | Abcam RRID: AB_880622
Monoclonal Anti-a-Actinin Thermo A7811
Goat polyclonal anti-Pecam1 R&D Systems AF3628
PECAM 1 CD31 (clone390) eBioscience 553370
Mouse monoclonal Anti-phospho-Histone Millipore Cat# 05-636-1,

RRID: AB_2755003

CD31 (PECAM-1) Monoclonal Antibody (390),
APC, eBioscience™

Thermo Fisher
Scientific

Cat# 17-0311-82,
RRID: AB_657735

Alexa Fluor® 647 Mouse Anti-Cardiac Tro-

BD Biosciences

Cat# 565744, RRID:

ponin T Clone 13-11 AB 2739341
Wheat germ agglutinin, Alexa Fluor®488 con- Th_erm_o_ Fisher Cat# W11261
jugate Scientific
Isolectin GS-1B4 from Griffonia simplicifolia, Thermo Fisher
Alexa Fluor® 568 conjugate Scientific Cat# 121412
CD309 (FLK1) Monoclonal Antibody Thermo Fisher Cat# 17-5821-81,
(Avas12a1), APC, eBioscience™ Scientific RRID: AB_657866
CD140a (PDGFRA) Monoclonal Antibody Thermo Fisher Cat# 12-1401-81,
(APA5), PE, eBioscience™ Scientific RRID: AB 657615
Rabbit polyclonal anti-phospho-Histone H3 Millioore Cat# 06-570, RRID:
(Ser10) P AB 310177

. . : Cat# HPA020028,
Rabbit polyclonal anti-Ryr2 Sigma RRID: AB_ 1856528
Mouse monoclonal anti-alpha-Tubulin clone 2- Sioma Cat# T5168, RRID:
28-33 9 AB_477579
Sheep polyclonal anti-Digoxigenin-Rhoda- Roche Cat# 11207750910,
mine, Fab fragments RRID: AB 514501
Rabbit polyclonal anti-Aurora B Abcam Cat# ab2254, RRID:

AB_302923

Donkey anti-Mouse 1gG (H+L) Ready-
Probes™ Secondary Antibody, Alexa Fluor
488

Thermo Fisher
Scientific

Cat# R37114,
RRID: AB_2556542

Donkey anti-Mouse 1gG (H+L) Highly Cross-
Adsorbed Secondary Antibody, Alexa Fluor
555

Thermo Fisher
Scientific

Cat# A-31570,
RRID: AB_2536180

Donkey anti-Goat IgG (H+L) Cross-Adsorbed
Secondary Antibody, Alexa Fluor 555

Thermo Fisher
Scientific

Cat# A-21432,
RRID: AB_2535853

Donkey anti-Rabbit IgG (H+L) Highly Cross-
Adsorbed Secondary Antibody, Alexa Fluor
488

Thermo Fisher
Scientific

Cat# A-21206,
RRID: AB_2535792

Donkey anti-Goat IgG (H+L) Cross-Adsorbed
Secondary Antibody, Alexa Fluor 488

Thermo Fisher
Scientific

Cat# A-11055,
RRID: AB_2534102

2.1.8 Primers and oligonucleotides

Genes Sequence of oligos

Lmna shRNA gcttgacttccagaagaacat

Lmna siRNA gagagcaggccugaagccaaagaaa
Lmnc siRNA tctcccacctccatgccaaag

Gata4 shRNA catctcctgtcactcagacat
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Gata4 siRNA

Dharmacon/GE, L-040759-01-0005

Lmna mouse geno_for

aacccagcctcagaaactggtggatg

Lmna mouse geno_rev

gacagctctcctctgaagtgcttgga

Gata4 mouse Geno_forl

tgcaattactaggaccacgaga

Gata4 mouse Geno_for2

cccagtaaagaagtcagcacaaggaaac

Gata4 mouse Geno_rev

agactattgatcccggagtgaacatt

Lmna-/- mESC genotypel ttggtttgcagaactccacg
Lmna-/- mESC genotype2 aggccataacagagttgggt
Lmna-/- mESC genotype3 ctgaagtgctgctggggt
Lmna-/- mESC genotype4 gggattagggtggaaggact
Lmna-/- mESC genotype5 gagtgctggaatcaaaggca
Lmna-/- mESC genotype6 gcaagttgtcccctggtctt

Lmna-/- mESC gRNAL _for

caccgcactgctcacgttccaccac

Lmna-/- mESC gRNAL rev

aaacgtggtggaacgtgagcagtgc

Lmna-/- mESC gRNA2_for

caccgtccctcccctagatgcatcc

Lmna-/- mESC gRNA2 rev

aaacggatgcatctaggggagggac

Lmna-/- mESC gRNAS3_for

caccgagctatcagcactctgttat

Lmna-/- mESC gRNAS3 rev

aaacataacagagtgctgatagctc

Lmna-/- mESC gRNA4 for

caccgcagcactctgttatgggggc

Lmna-/- mESC gRNA4 rev

aaacgcccccataacagagtgctge

Lmnbl-/- mESC gRNAL for

caccgaaactctaaggatgcggege

Lmnbl-/- mESC gRNAL rev

aaacgcgccgcatccttagagtttc

Lmnb1l-/- mESC gRNA2 for

caccgatgaggatcgagagcctct

Lmnbl-/- mESC gRNA2 rev

aaacagaggctctcgatcctcatc

Lmnbl-/- mESC genotype forl

caccggctacctgttacaaa

Lmnbl-/- mESC genotype for2

cttggtgaattacgcttcctca

Lmnbl-/- mESC genotype_rev

tggacaacaacaacaaccaca

Gata4d-/- mESC gRNAL1 for

caccgtgcagtctccaccggctegt

Gatad-/- mESC gRNAL rev

aaacacgagccggtggagactgcac

Gata4d-/- mESC gRNA2_for

caccgctgtcaggagcacggctaat

Gatad-/- mESC gRNA2 rev

aaacattagccgtgctcctgacagc

Gata4d-/- mESC_genotype for

ccccacttcatccttttgattg

Gata4d-/- mESC_genotype forl cggtaatagggccctgtgat
Gata4d-/- mESC_genotype for2 gaaaccctatgacgactgcc
Gata4d-/- mESC_genotype rev tcctgagctacatagagactgtg
Gata4d-/- mESC_genotype revl tccctactctcagtggtcca
Gata4d-/- mESC_genotype rev2 tggtgagtctgtctgtctgce
ghACTN2_ for agaacgaggtggagaaggtg
ghACTN2 rev gcttcaccttgtcccacttg
ghAURKA for gcccgtaatcccagcatttt
ghAURKA rev tcggtccatgatgcctgtaa
ghGATA4 for tgtcaactgtggggctatgt
ghGATA4 rev tcatcttgtggtagaggccg
ghLMNA(A) for ccatcaccaccacggctc
gqhLMNA(A) rev gtgaccagattgtccccgaa
gqhLMNA(C) for caactccactggggaagaagtg
gqhLMNA(C) rev cggcggctaccactcac
ghMYOML1 _for tgggagagagggagagacaa
ghMYOM1 rev cactggatctctggctggaa
ghNKX2-5 for gagccgaaaagaaagcctgaa
ghNKX2-5 rev caccgacacgtctcactcag
ghSCN3B_for gccccaggtttaagcaatcc
gqhSCN3B_rev agcccaggagttcaagatca
gmAngpt2_for cagccacggtcaacaactc
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gmAngpt2_rev

cttctttacggatagcaaccgag

gmAtp2a3_for tgggtaaggtgatccggtct
gmAtp2a3 rev gtaccttgtctcccactgcc
gmBAF60c_for aggggaagctcttggatgat
gmBAF60c_rev ttgtctgggccataaaggtc
gmBeta-Actin_for cactgtcgagtcgcgtcc
gmBeta-Actin_rev tcatccatggcgaactggtg

gmBmp4_for

ttcctggtaaccgaatgctga

gmBmp4_rev

cctgaatctcggcgacttttt

gmBrachyury for agggagaccccaccgaacgc
gmBrachyury rev ccgggaacatcctectgecgtt
gmCalca_for tcectggttgtcagcatcttg

gmCalca_rev

gcatatagtcctgcaccagtg

gmEomes_for

cagggcaggcgcatgtttcct

gmEomes_rev tccgctttgccgeaggtcac
gmFIkl for gggtttggttttggaaggtt
gmFIkl rev aggagcaagctgcatcattt
gmGapdh_for aactttggcattgtggaagg
gmGapdh_rev ggatgcagggatgatgttct
gmGata4_for tctcactatgggcacagcag
gmGata4d rev gcgatgtctgagtgacagga
gmGata6_for caaaagcttgctccggtaac
gmGata6_rev tgaggtggtcgcttgtgtag
gmHandl_for gcggaaaagggagttgcctcagce
gmHandl rev gctccagcgcccagacttge
gmHand2_for cggagaggcggaggccttca
gmHand2_rev cagggcccagacgtgctgtg
gmHopx_for ttaagcagacaggcaccag
gmHopx_rev gaagttgtactccaggatctcc
gmilsll_for acgtgctttgttagggatgg
gmilsll _rev caagaagtcgttcttgctga
gmKIf4_for ggcgagtctgacatggctg
gmKiIf4_rev gctggacgcagtgtcttctc
gmKIf5_for caccggatctagacatgccc
gmKIf5_rev acgtctgtggaacagcagag
gmLmnbl for agatcagggaccagatgcag
gmLmnbl rev gaagggcttggagagagctt
gmMef2c_rev tccatcagccatttcaacaa
gmMef2c_rev agttacagagccgaggtgga

gmMespl for

gtttaagcccggecgtctgea

gmMespl rev

atgtcgctgctgaagagcggaga

gmMesp2_for tagaaagagccgctgactcc
gmMesp2_rev ctaggctctggggacatctg
gmMlc2a_for cccatcaacttcaccgtctt
gmMlic2a_rev cgtgggtgatgatgtagcag
gmMlic2v_for ctgccctaggacgagtgaac
gmMlc2v_rev cctctctgcettgtgtggtca
gmMyl4 for cccaatcagccatcctaactg
gmMyl4 rev ttcttaggctcggatttcttg
gmMyom1 for catggactgacgactgctca
gmMyom1l_rev agacactcctcccccgatag
gmPecaml1_for aacagaaacccgtggagatg
gmPecaml_rev ggcttccacactaggctcag

gmSM-22a_for

aacgaccaagccttctctgee
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gmSM-22a_rev tcgcetcctccagctectegt
gmSM-actin_for ctgacagaggcaccactgaa
gmSM-actin_rev agaggcatagagggacagca
gmTnnt2_for atccccgatggagagagagt
gmTnnt2_rev ctgttctcctcctcctcacg
gmTtn_for accacccaacttcagtcagc
gmTtn_rev tcccggtagaacttcaccac
gmTubala_ for ccgcgaagcagcaaccat
gmTubala rev ccaggtctacgaacactgcc
2.1.9 Programs and algorithms
Programs and algorithms | Source Website

Integrative Ge-

https://software.broadinstitute.org/soft-

IGVv2.8.13 : . ;
nomics Viewer | ware/igv/download
Image J 1.47v Image J https://imagej.nih.gov/ij/download.html
Vevo LAB Software FUJIFILM Visu- | https://www.visualsonics.com/resource/vevo-
Package V3.2.6 alSonics lab-software
lonWizard 7.4 lonOptix https://www.ionoptix.com/
(Sala, van
MUSCLEMOTION V1.0 | Meer et al. https://github.com/I-sala/MUSCLEMOTION
2018)

BD FACSDiva Software
(version8.0.1, firmware
version 1.49 BD
FACSCanto II).

BD Biosciences

https://www.bdbiosciences.com/en-eu/pro-
ducts/software/instrument-software/bd-facs-
diva-software

https://www.zeiss.de/mikroskopie/pro-

Zen 2.3 ZEISS dukte/mikroskopsoftware/zen-lite/zen-lite-
download.html

(Huang da,

DAVID 6.8 Sherman et al. | https://david.ncifcrf.gov/summary.jsp
2009)

Heatmapper Sz?mzlg,lé)rndt http://www.heatmapper.ca/expression/

GraphPad Prism 8.0.2 GraphPad https://www.graphpad.com/

WashU Epigenome (thu’ .

Browser Maricque et al. | http://fepigenomegateway.wustl.edu/
2011)

Calculate and draw cus-
tom Venn diagrams

Bioinformatics
& Evolutionary

http://bioinformatics.psb.ugent.be/web-
tools/Venn/

Genomics
. (Dobin, Davis https://github.com/alexdobin/STAR/blob/mas-
STAR version 2.7.32 et al. 2013) ter/doc/STARmanual.pdf
Trimmomatic version (Bolger, Lohse | http://www.usadellab.org/cms/?page=trim-
0.39 et al. 2014) momatic
(Barnett,
BamTools version 2.5.1 | Garrison et al. | https://github.com/pezmaster31/bamtools
2011)
(Ewels,
MultiQC version 1.6 Magnusson et | https://multigc.info/
al. 2016)
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DESeq2 version 1.28.0

(Love, Huber et

http://bioconductor.org/packages/re-
lease/bioc/vignettes/DESeq2/inst/doc/DE-

Bowtie2 version 2.3.4.1

and Salzberg
2012)

al. 2014) Seq2.html
Ngsplot version 2.41.4 ;?hzegll,f)hao et https://github.com/shenlab-sinai/ngsplot
. (Heinz, Benner ) i
Homer version 4.11 et al. 2010) http://homer.ucsd.edu/homer/motif/
(Langmead

https://github.com/BenLangmead/bowtie2

SAMtools version 1.7

(Li, Handsaker
et al. 2009)

http://www.htslib.org/

Picard-tools version
1.119

https://broadinstitute.github.io/picard/

deepTools version 3.3.0

(Ramirez, Ryan

https://deeptools.readthedocs.io/en/develop/

HiCExplorer 3.6

Bhardwaj et al.
2018)

et al. 2016)
MACS2 version ) . .
21120160309 Gaspar, 2018 https://pypi.org/project/ MACS2/
. (Quinlan and . .
Bedtools version 2.28.0 Hall 2010) https://bedtools.readthedocs.io/en/latest/
I | (Ross-Innes, http://bioconductor.org/packages/re-
R package DIffBind ver- | Stark et al lease/bioc/vignettes/DiffBind/inst/doc/Diff-
T 2012) Bind.pdf
R package ChlPseeker (Yu, Wang et https://guangchuangyu.github.io/soft-
version 1.24.0 al. 2015) ware/ChlPseeker/
R package rtracklayer g_awrence, https://bioconductor.org/packages/re-
. entleman et :
version 1.48.0 al. 2009) lease/bioc/html/rtracklayer.html
R package Enhanced- Blighe K et al, https://github.com/kevinblighe/Enhanced-
Volcano version 1.6.0 2020 Volcano
. Github, Servant . .
HiC-Pro2.1.1.4 N et al..2015 https://github.com/nservant/HiC-Pro
(Bhattacharyya,
FitHiChIP 8.1 Chandra et al. | https://ay-lab.github.io/FitHiChIP/
2019)
(Ramirez,

https://hicexplorer.readthedocs.io/en/latest/

2.1.10 Tansgenic mouse lines

The Lmna tm1.1Yxz/J line (Kim and Zheng 2013) and the Gata4 tm1.1Sad were obtained from
Jackson Laboratory. All mouse lines were maintained on a C57BL/6 J background. Both male
and female mice at the indicated in the figure legends age were used within the study. Mice
were housed in a pathogen-free animal facility under standard conditions with a 12 hour
light/dark cycle, temperature of 20-25 degrees and humidity range of 30-70%. All animal ex-
periments were performed according to the regulations issued by the Committee for Animal
Rights Protection of the State of Baden-Wirttemberg (Regierungspraesidium Karlsruhe, per-
mit number: G-194/18).
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2.2 Methods

2.2.1 Celllines and cell culture

HEK293T cells were purchased from ATCC (CRL-3216) and cultured in DMEM supplemented
with 10% FCS, 1% penicillin-streptomycin (Thermo Fisher Scientific, 15140122) and 2 mM L-
glutamine (Thermo Fisher Scientific, 25030123).

Murine E14-NKX2-5-EmGFP mESCs generated by Hsiao et al(Hsiao, Yoshinaga et al. 2008)
were maintained on mitomycin (Sigma, M4287) treated mouse embryonic fibroblasts (MEF) in
DMEM high glucose (Thermo Fisher Scientific,10938025) supplemented with 15% fetal bovine
serum (FBS, Thermo Fisher Scientific,10270106), 2 mM L-glutamine (Thermo Fisher Scientific,
25030123), 0.1 mM 2-mercaptoethanol (Sigma, M3148), 0.1 mM non-essential amino acids
(Thermo Fisher Scientific, 11140035), 1 mM sodium pyruvate (Gibico,11360070), 4.5 mg/ml
D-glucose, 1% penicillin-streptomycin (Thermo Fisher Scientific, 15140122) and 1000 U/ml
leukemia inhibitory factor (LIF ESGRO, Millipore, ESG1107).

2.2.2 DNA extraction, RNA Isolation, RT-PCR, and Real-Time PCR

RNA was isolated using the TRIzol RNA Isolation Reagent (Invitrogen,15596018). For real-
time PCR analysis cDNA was synthesized with the High Capacity cDNA Reverse Transcription
Kit (Applied Biosystems,4368813) and real-time PCR was performed using the SYBR GREEN
PCR master mix (Applied Biosystems, A25742). Cycle numbers were normalized to these of
a-Tubulin (Tubala).

2.2.3 Western blotting

Cells were collected and lysed in RIPA buffer supplemented with protease inhibitor cocktail
(Millipore, 535142). Protein concentration was quantified using Pierce BCA protein assay kit
(Pierce Biotechnology, 23225). After separation via SDS—PAGE, proteins were transferred to
nitrocellulose membranes (GE, 10600002), blocked in 5% skimmed milk/PBST and incubated
with appropriate primary antibodies: Lamin A/C (Abcam, ab8984; 1:1000), Lamin A/C (Santa
Cruz, sc-376248; 1:1000), Lamin B1 (Abcam, ab16048; 1:1000) , H3K9me3 (Abcam, abh8898;
1:5,000), H3 (Abcam, abl1791; 1:5000), Ryr2 (Sigma,HPA020028,1:1000), a-tubulin
(Sigma,T5168,1:1000) followed by incubation with corresponding secondary antibody. The

images were acquired on Amersham Imager 600.

2.2.4 Mouse mESC lines generation and differentiation

For generation of Lmna-/-, Lmna+/-, Lmnbl-/- and Gata4+/- murine mESCs by

CRISPR/Cas9-mediated gene targeting, a single guide RNA or a combination of two guide
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RNAs (gRNAs) and mutation donor templates were used as follows: Lmna gRNA-1: 5-CAC-
CGCACTGCTCACGTTCCACCAC-3' and Lmna gRNA-2: 5-CACCGAGCTATCAGCAC-
TCTGTTAT-3; Lmnbl gRNA-1: 5-CACCGAAACTCTAAGGATGCGGCGC-3" and Lmnbl
gRNA-2: 5-CACCGAGAGGCTCTCGATCCTCATC-3; Gata4 gRNA-1: 5-CACCGTGCAG-
TCTCCACCGGCTCGT-3' and Gata4 gRNA-2: 5-CACCGCTGTCAGGAGCACGGCTAAT-3.
Annealed gRNAs were ligated in pSpCas9(BB)-2a-Puro (PX459) V2.0 plasmid, a kind gift from
Feng Zhang (Addgene, 62988). Recombinant plasmids or mutation donors were transfected
into WT mESCs using Lipofectamine 2000 (Thermo Fisher Scientific, 11668019) according to
the manufacturer’s protocol. Positive cells were selected after 24 h of transfection for 48 h us-
ing puromycin (Thermo Fisher Scientific, A1113803, 4 ug/ml) and 5 000 cells were further
plated on a 6-cm dish with feeders. After 7 days of culture, single clones were picked and

screened by PCR, followed by Sanger sequencing.

For stable knockdown mESC lines generation, HEK293T cells were seeded on a 6-well plate
and cultured in DMEM, high glucose, GlutaMAX (Gibco, 61965059) supplemented with 10%
fetal bovine serum and 1% penicillin-streptomycin. Cells were transfected at 70% confluence
with 1.5 ug Lmna (GCTTGACTTCCAGAAGAACAT), Gata4 (CATCTCCTGTCACTCAGACAT)
or control (pLKO) shRNA obtained from the RNAI consortium (TRC) shRNA library along with
0.975 uyg CMVARS8.74 packaging plasmid and 0.525 ug VGV.G envelope plasmids using the
X-tremeGENE DNA transfection reagent (Roche, 6366236001). 48 h after transfection the viral
supernatant was collected and 2 ml virus were used to transduce 100 000 mouse mESCs in
the presence of 8 pg/ml polybrene (Sigma, TR-1003-G) on 5% poly-HEMA (Sigma, P3932)
treated 6-well plates for 12 h. The following day, the transduced mESCs were plated on feeders.
24 h after transduction, the transduced mESCs were selected with 10 ng/mL puromycin for 48
h.

MESCs were differentiated into CMs using either undirected differentiation in hanging droplets
or by a directed differentiation method, as described before(Gao, Liang et al. 2019). Briefly,
differentiation through the hanging drop method was initiated following ESCs dissociation by
0.05% trypsin-EDTA (Thermo Fisher Scientific, 256300054) and suspension at 3.3x104 cells/ml
in ESC growth medium without LIF in 15 pl drops. After two days, the resulting embryoid bodies
(EBs) were transferred to low attachment culture dishes (Greiner Bio-One, 633180). At day 6
(d6) and d10, EBs were dissociated and CPCs and CMs, respectively, were FACS sorted for
Nkx2-5-GFP expression. For directed cardiomyocyte differentiation, ESCs were maintained on
mouse feeders in Knockout DMEM medium (Thermo Fisher Scientific, 10829018) containing
4.5 mg/ml D-glucose, supplemented with 10% serum replacement (Thermo Fisher Scientific,
10828028), 2 mM L-glutamine, 0.1 mM 2-mercaptoethanol, 1 mM sodium pyruvate, 1% peni-
cillin-streptomycin and 1000 U/ml leukemia inhibitory factor. Before differentiation, ESCs were

dissociated and grown on 0.1% gelatin (Sigma, G9391) coated 10-cm dishes in Neurobasal
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medium: DMEM/F12 (1:1; Thermo Fisher Scientific, 21103049 and 21331020) supplemented
with 2000 U/ml LIF and 10 ng/ml BMP4 (R&D, 314-BP) for 2 days. Differentiation was initiated
by aggregation in low attachment bacterial dishes at a cell density of 75 000 cells/ml in IMDM:
F12 medium (3:1; Thermo Fisher Scientific, 12440053 and 11765054). After 48 h aggregates
were dissociated and re-aggregated in the presence of Activin A (R&D, 338-AC, 5 ng/ml),
VEGF (R&D, 293-VE-010, 5 ng/ml) and BMP4 (R&D, 314-BP, 0.1-0.8 ng/ml, BMP4 concentra-
tion was optimized for each lot). 40 h following the second aggregation, aggregates were dis-
sociated and plated as a monolayer in Stempro-34 medium (Thermo Fisher Scientific,
10639011), supplemented with 2 mM L-glutamine, L-ascorbic acid (Sigma, A4403, 50 pg/ml),
VEGF (R&D, 293-VE-010, 5ng/ml), bFGF (R&D, 233-FB, 10 ng/ml), and FGF10 (R&D, 345-
FG, 25 ng/ml) growth factors. Analysis were done at day 5 (cardiac progenitor stage) and at

day 10 (cardiomyocyte stage).

2.2.5 Knockdown of Lmna at the cardiac progenitor and cardiomyocyte stages

For Lmna knockdown at the cardiac progenitor (CP) stage, virus particles in Stempro-34 me-
dium supplemented with growth factors were used to transduce cells on 0.1% gelatin-coated
24-well plates 7 hours after the second aggregation of the direct cardiac differentiation protocol
in the presence of 8 ug/ml polybrene. 24 hours after transduction, the medium was replaced
with normal differentiation medium. CMs at d10 were harvested for analysis. For Lmna knock-
down at the cardiomyocyte (CM) stage, d8 monolayer CMs were trypsinized and 50% of the
cells were re-seeded on 0.1% gelatin-coated 24-well plates in the presence of 8 pg/mi
polybrene together with virus produced in Stempro-34 medium. The medium was changed to

normal Stempro-34 medium 24 hours after virus transduction and CMs were harvested at d10.

2.2.6 siRNA mediated gene knockdown

siRNA-mediated knockdown experiments were performed as follows: 30 000 mESCs were
seeded in 6-well plates with feeders. 24 hours later, cells were transfected with either 50 nM
scrambled siRNA or 50 nM siRNA against Gata4 (Dharmacon/GE, L-040759-01-0005) , Lmna
(5'-GAGAGCAGGCCUGAAGCCAAAGAAA-3"), Lmnc (5'-TCTCCCACCTCCATGCCAAAG-3)
using Lipofectamine RNAiMax (Thermo Fisher Scientific, 13778-075). 48 h after transfection,

the cells were subjected to hanging drop differentiation or further analysis.

2.2.7 Primed hiPSC cell culture, differentiation, and conversion to naive hiPSC

The use of hiPSC within this study has been approved by the Ethics Committee of the Medical
Faculty Mannheim, University of Heidelberg (approval number: 2022-539). Human iPSC line
was cultured in a primed state on Matrigel coated plates in Essential 8 (E8) medium (Thermo
Fisher Scientific). Cells were passaged as small clumps with EDTA, and 5 pM ROCK inhibitor
Y-27632 (Miltenyi Biotec) was added for the first 24 h. For hiPSCs differentiation, cells were
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seeded into 24-well plate precoated with Matrigel and allowed to reach 85-95% confluence
(day 0). On day 0, medium was changed to cardiac differentiation medium (RPMI-1640 with
glutamine supplemented with 500 pg/ml BSA and 200 pg/ml ascorbic acid) and supplemented
with 6 pM CHIR99021. At day 2, medium was substituted with cardiac differentiation medium
supplemented with 5 uM IWP2, followed by a change to cardiac differentiation medium on day
4. From day 6 on, cells were cultured in RPMI-B27 media (RPMI with 1x B-27 supplement).

For naive hiPSCs differentiation, cells were dissociated by 0.05% trypsin-EDTA and cultured
in hanging drops, with a density of 500 cells per drop in medium (DMEM medium with 15%
FCS, 1% nonessential amino acids, 0.1 mM B-mercaptoethanol, 1%Penicillin-Streptomycin),
in the absence of LIF. After two days, the resulting embryoid bodies were transferred to low
attachment culture dishes and cultured in differentiation medium. Day10 EBs were harvested
for analysis. For transfection, hiPSCs were cultured feeder free with 5 uM ROCK inhibitor for
24 h before virus infection. After infection, cells were subsequently plated on Matrigel coated

plate or MEF feeder layers.

Conversion of primed human iPSC line to naive state was performed as described before
(Gafni, Weinberger et al. 2013). Briefly, primed human iPSCs were seeded on feeder cells as
small clumps in E8 medium supplemented with 5 uM ROCK inhibitor. 24 hours later, medium
was switched to 4i medium (knockout DMEM, 1% AlbuMAXI, 1 X N2 supplement, 12.5 pg/ml
recombinant human insulin, 20 ng/ml of recombinant human LIF, 8 ng/ml recombinant bFGF
and 5 ng/ml recombinant IGF, 1 mM glutamine, 1% nonessential amino acids, 0.1 mM -mer-
captoethanol, 1%Penicillin-Streptomycin and small molecule inhibitors: 1 uM PD0325901;
3 UM CHIR99021; 10 uM SP600125 and 2 uM BIRB796). Following an initial wave of wide-
spread cell death, dome-shaped naive colonies appeared about 6 to 8 days and were pas-

saged by accutase tratement for 3—5 min.

Toggling of naive mESCs to primed state was performed as described before(Sperber,
Mathieu et al. 2015). Briefly, naive mESC were preplated and seeded on 0.1% gelatin coated
plate in DMEM/F12 supplemented with 20% knock-out serum replacement, 1mM sodium py-
ruvate, 0.1mM nonessential amino acids, 0.1mM B-mercaptoethanol,1% Penicillin-Streptomy-
cin, 10ng/ml Activin A, and 10ng/ml bFGF.

2.2.8 Neonatal cardiomyocytes isolation and culture

Neonatal CMs were isolated from 1-day-old (P1) mice using a neonatal heart dissociation kit
(Miltenyi Biotec, 130-098-373) and neonatal mouse CM isolation kit (Miltenyi Biotec, 130-100-
825), according to the manufacturer’s instructions. The cells were then cultured on coverslips
in 24-well plates or glass bottom microwell dishes pre-coated with 10 pg/ml Laminin (Corning,
354232) in DMEM/F12 medium supplemented with 1% L-glutamine, 1% Na-pyruvate,1 % non-

essential amino acids, 1% penicillin/streptomycin, 5% horse serum and 10% FBS.
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2.2.9 Measurements of calcium transients in ventricular CMs

50 000 freshly isolated neonatal CMs from Lmna+/+, Lmna+/- and Lmna-/- mice were seeded
on glass bottom microwell dishes (MatTeK, P35g-1.5-20-C) pre-coated with 10 pg/ml laminin
(Corning, 354232). After 2 days, CMs were washed twice with Tyrode’s solution (140 mM NaCl,
5.4 mM KCI, 1 mM MgCl;, 25 mM HEPES, 1 mM CacCl,, 10 mM glucose, pH7.4) and then
loaded with 2 uM Fura-2, AM (Thermo Fisher Scientific Fisher, F1221) in Tyrode’s solution at
37 °C for 20 min. The cells were then washed three times for 5 min with Tyrode’s solution at
37 °C. Calcium transients were measured at 10 V and 1 Hz stimulation on MyoPacer (lonOptix)
and data were analyzed with lonWizard 7.4. Fura-2, AM-loaded cells were excited at both 340
and 380 nm, and the fluorescence emission signal was collected at 510 nm. Intracellular cal-
cium changes were expressed as changes in the ratio R=F340/F380. For measuring neonatal
CMs calcium transients after knockdown of Lmna, lentiviruses carrying shRNA for lamin A/C
were produced as above and 1 ml supernatant containing viral particles was used to transduce

50 000 neonatal CMs. Calcium transients were measured as above 48 h after transduction.

2.2.10 Histology

Embryos were sacrificed by cervical dislocation, hearts were dissected and fixed with 4% par-
aformaldehyde overnight at 4 °C. The hearts were then dehydrated, embedded and sectioned.
H&E staining was performed according to the manufacturer’s instruction (GHS116, HT-110216;
Sigma-Aldrich). Representative images of histological analysis of mice with the same genotype

are presented. Heart sections were imaged by Zeiss Axio Scan (Zeiss).

2.2.11 Immunofluorescence staining

For immunofluorescence staining on heart sections, 7um cryosections were fixed in 4% para-
formaldehyde (Arcos, 416780010) for 20 minutes, washed 3 times with PBS, and permea-
bilized with 0.3% Triton X-100/PBS for 30 minutes. Slides were then blocked in 3% BSA
(Roth,8076.2) for 30 minutes and then incubated with Anti-phospho-Histone H3 (Ser10) (Milli-
pore,06-570,1:100); Anti-Cardiac Troponin | (Abcam, ab56357, 1:100); Anti-Aurora B (Abcam,
ab2254, 1:100) in 1% BSA overnight at 4°C. On the following day, the sections were washed
3 times with PBS and incubated with a corresponding secondary antibody, conjugated to Alexa
555 or Alexa 488 (Thermo Fisher Scientific,1:500) for 2 hours. Then slides were washed 3
times with PBS, each time 5 min and stained with DAPI in PBS 15 min at room temperature.
Slides were washed with PBS 3 times and mounted with Mowiol 4-88 (Millipore, 475904)
mounting medium.

For immunofluorescence staining of mESCs, 60,000 mESCs were spotted on 0.1% Poly-L-
lysine (Sigma, P8920) coated coverslips in 24 well plate. mESCs were allowed to adhere for

10min at 37°C followed by brief washing with PBS and then fixed in 4% formaldehyde (Sigma,
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F1635) for 10 min at room temperature. mESCs were then permeabilized for 10 min with 0.5%
Triton X-100/PBS. After blocking in 3%BSA in PBS for 30 min, mESCs were incubated with
Anti-Lamin A/C (E-1) (Santa cruz, sc376248,1:100), Anti-Lamin A/C (131C3) (Abcam,
ab8984,1:100), Anti-Lamin B1 (Abcam, ab16048, 1:100), Anti-Lamin B1 (Sigma, HPA050524,
1:100) antibodies in 0.3% Triton X-100/ 1% BSA overnight in a humidified chamber at 4°C.
After three consecutive 5 min washing in PBS, mESCs were incubated for a further 1 hours
with a corresponding secondary antibody, conjugated to Alexa 555 or Alexa 488 in PBS.
MESCs were then washed with PBS and stained with DAPI in PBS for 15 min at room temper-
ature. After washing 3 times with PBS, mESCs were mounted with Mowiol 4-88 mounting me-
dium. For immunofluorescence staining of CMs, 30,000 of isolated cardiomyoctes or differen-
tiated cardiomyocytes were seeded on 10 pg/ml laminin coated coverslips in 24-well plate. 24
hours later, CMs were subjected to staining procedures as described above.

For immunofluorescence staining of mMESC colonies, 50,000 of mESCs were seeded on co-
verslips with feeders in 12-well plate and cultured for 2 days. After washing with PBS, mESC
colonies were fixed in 4% formaldehyde for 20 min at room temperature and permeabilized for
20 min by 0.5% Triton X-100/PBS. After blocking in 3%BSA/PBS 30 min, mESC colonies were
incubated with Anti-Gata4 (C-20) (Santa cruz, sc1237, 1:100), Anti-Myl4 (Sigma, HPA051884,
1:100) and Anti-Oct3/4 (Santa cruz, sc5279, 1:100) antibodies in 0.3% Triton X-100 / 1%BSA
overnight in a humidified chamber at 4°C. After three consecutive 5-min washing in PBS, mESC
colonies were incubated for a further 3 hours with secondary antibody in 0.3% Triton X-
100/1%BSA. mESC colonies were washed with PBS three times and stained with DAPI in PBS
for 30 min at room temperature. After washing with PBS, mESC colonies were then mounted

with Mowiol 4-88 mounting medium.

2.2.12 Wheat germ agglutinin (WGA) and isolectin B4 (IB4) co-staining

For isolectin B4 (IB4) and wheat germ agglutinin (WGA), staining, 7 um heart sections were
fixed in 4% paraformaldehyde for 20 minutes, washed 3 times with PBS, blocked in 3% BSA
for 30 minutes and then incubated with WGA Alexa 488 Conjugate (Thermo Fisher Scientific,
W11261,1 mg/ml, 1:100) antibody diluted in 1%BSA for 1 hour at room temperature in a hu-
midified dark chamber. Slides were then washed with PBS 3 times, each time 5min, permea-
bilized with 0.3% Triton in PBS for 30 minutes and then incubated with IB4 Alexa 568 conjugate
(Thermo Fisher Scientific, 121412, 1 mg/ml,1:100) antibody diluted in 1% BSA for 2 hours at
room temperature in a humidified dark chamber. Then slides were washed with PBS 3 times
for 5min and stained with DAPI in PBS for 15 min at room temperature. After DAPI staining,

slides were washed with PBS 3 times and mounted with Mowiol 4-88 mounting medium.
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2.2.13 Immunofluorescence imaging and guantifications

WGA and IB4 immunostaining images were acquired using Leica DMi8 microscope with 63X
objective. The rest of the fluorescence images were acquired using a Zeiss LSM 710 confocal
microscope with a 25x% or 63x objective. To quantify the cross-sectional cell size, capillary
density and cardiomyocytes proliferation, a minimum three independent hearts per group from
three different views and positions, each from left and right ventricles, and septum were cap-
tured at 63x magnification. ImageJ was used to quantify the size of CMs that were round and
contained a nucleus. About 200 cells per sample were quantified. Capillary density was ex-
pressed as the ratio of number of capillaries to CMs.

2.2.14 DNA Fluorescence In Situ Hybridization (FISH)

DNA FISH probes for Mef2c, Actcl, Ttn and Kcngl were labeled with digoxigenin by Nick
Translation kit (Roche,10976776001) according to manufacturer’s protocol using BAC DNA
clones: Mef2c (Thermo Fisher Scientific, RP23-187H18), Actcl (Thermo Fisher Scientific,
RP23-196J13),Ttn (Thermo Fisher Scientific, RP23-310F9), Kcngl (Thermo Fisher Scientific,
RP23-207G7). 60,000 mESCs were attached on Poly-L-lysine coated coverslips for 30 min at
37°C and air-dried. The mESCs were allowed to adhere for 10 min at 37°C. Cells were washed
with PBS 3 times and fixed in 4% paraformaldehyde (Electron Microscopy Sciences, 15710)
at room temperature for 10 min. Afterwards, cells were rinsed in PBS, permeabilized with 0.5%
Triton X-100/PBS for 10 min at room temperature and rinsed briefly in PBS. Then cells were
incubated in 20% glycerol (Roth, 3783.1) in PBS for a minimum of 60 min at room temperature
and were left at 4°C overnight. Next day, coverslips were removed from the glycerol solution,
dipped into liquid nitrogen about 15s until the coverlips were completely frozen and thawed at
room temperature. The freeze/thaw treatment was repeated 6 times. The cells were then
washed with 0.05% Triton X-100/PBS 3 times for 5 min. After a brief wash with 0.1N HCI the
cells were incubated in a fresh 0.1N HCI for 10 min followed by three time washes with 0.05%
Triton X-100/PBS, 5 min each, one wash in 2x SSC (0.3M NacCl, 30 mM sodium citrate) and
prehybridized in 50% formamide (Sigma, F9037)/2XSSC for 4h at 37°C. 5 ul labeled DNA
probes in hybridization buffer were added to the slides and sealed with rubber cement. Slides
were then incubated at 75°C for 3min and hybridized for 2 days, at 37°C. Hybridization was
followed by three washes with 2xSSC, 3x 10min at 37°C and two washes with 0.1xSSC at 60°C.
Afterwards, cells were incubated with anti-digoxigenin-rhodamine, Fab fragments (Roche,
11207750910, 1:200) in 4%BSA/AxSSCT 1lhour at room temperature followed by two washes
with 4xSSCT at 37°C, a brief wash in PBS followed by post-fixation in 2% formaldehyde/PBS
for 10min. Cell nuclei were counterstained with DAPI/PBS (1:500) for 10min and after a brief
wash in PBS were mounted with ProLong Diamond Antifade Mountant (Life Technologies,
P36930).
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2.2.15 Chromosome painting

Cells were prepared as described for FISH until the permeabilization step. 10 pl of whole chro-
mosome14 painting probes (MetaSystems, D-1414-050-FI) were applied on the coverslip of a
slide followed by sealing with rubber cement for 30 min at room temperature. Slides were then
denatured at 75°C for 2 min and hybridized at 37°C overnight. Cells were washed with
0.4xSSC (pH7.0) at 72°C for 2 min and 2xSSC, 0.05%Tween-20 (pH7.0) at room temperature
for 30 seconds. Cells were rinsed briefly in distilled water to avoid crystal formation and coun-
terstained with DAPI/PBS (1:500) for 10 min followed by a wash with PBS prior to mounting in
ProLong Diamond Antifade Mountant.

2.2.16 Flow cytometry

For FACS staining of extracellular markers, EBs were washed with HBSS twice and dissoci-
ated into single cells by incubation with 1 mg/ml collagenase | (Cell Systems, LS004196) at
37°C for 30 min. Cells were then washed with 5% FCS/PBS and blocked in 10% FCS/PBS
buffer for 30 min at room temperature. 200 000 cells were used for staining with 2.5 pl APC-
conjugated anti-FIk1 (e-Bioscience, 17-5821-81,1:40), PE-conjugated anti-PDGFRa (e-Biosci-
ence, 12-1401-81,1:40), APC-conjugated anti-Pecaml (Thermo Fisher Scientific, 17-0311-
82,1:40) antibody in 100 pl FACS buffer (0.4% BSA) for 1 hour at room temperature in a dark
place. After washing with FACS buffer twice, cells were resuspended in 300 ul FACS buffer
and subjected to analysis by BD FACSDiva Software (version8.0.1, firmware version 1.49 BD
FACSCanto Il).

For FACS staining of intracellular cardiac Troponin T, single cells were prepared as above.
After washing with 5% FCS/PBS, 400 000 cells were fixed in 500 pl 3.7% PFA for 30 min at
RT. Cells were then washed with 5% FCS/PBS buffer and incubated in permeabilization buffer
(0.5% saponin/5% FCS/PBS) for 15 minutes on ice. Cells were further stained with 2.5 pl APC-
conjugated anti-troponin T antibody (BD, 1:40) in 100 pl permeabilization buffer for 2 hours at
RT in a dark place, followed by washes with permeabilization buffer, PBS and FACS buffer
and resuspended in 300 pl FACS buffer for FACS analysis.

For apoptosis assay by FACS, one million cells were used for staining with 5 pl of APC Annexin
V and 5 pl of 7-AAD in 100 pl Annexin V binding buffer for 15 min at room temperature accord-
ing to the APC Annexin V Apoptosis Detection Kit with 7-AAD (Biolegend, 640930) instructions.
Cells were then resuspended in 400 pl of Annexin V Binding Buffer and subjected to FACS

analysis. CMs and non-CMs were distinguished by Nkx2-5 GFP expression.

To assess CM binucleation by FACS, E14.5 and E18.5 hearts were freshly harvested, washed
with cold HBSS and dissociated into single cells by incubation with digestion buffer (1 mg/ml

collagenase | and 1mg/ml DNase | in HBSS) at 37°C 30 min. Cell suspension was then applied
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to a 70um cell strainer to remove cell debris. Single cells were stained with APC-conjugated
anti-Pecaml antibody for 30 min at 4 °C followed by washing with cold HBSS/10%FCS three
times. Cells were then stained with Vybrant™ DyeCycle™ Green (Thermo Fisher Scientific,
1:500 dilutions by HBSS/10%FCS) at 37 °C for 30 min and were subjected to FACS analysis.

2.2.17 Echocardiographic assessment of cardiac dimensions and function

Transthoracic echocardiography was performed using a Vevo 3100 high-resolution system
(Visualsonics, Toronto, ON, Canada) and a 50-MHz MX-700 transducer. Two-dimensional B-
mode tracings were recorded in both parasternal long and short axis views at the level of the
papillary muscles, followed by one-dimensional M-mode tracings in both axes, wherein at least
three consecutive cardiac cycles were used for analysis. Left- and right-ventricular area at end-
diastole (LVEDA,; d and RVEDA; d, respectively) as well as left-ventricular posterior wall thick-
ness at end-diastole (LVPW; d), were used to characterize cardiac microanatomy while the
change of left-ventricular diameter length from end-diastole to end-systole was used to judge
cardiac contractility and calculate left-ventricular fractional shortening (FS) and ejection frac-
tion (EF) with Vevo LAB Software Package V3.2.6.

For fetal echocardiography, pregnant mice were anasthetized and one-dimensional AM-mode
tracings of E16.5 mouse embryonic hearts were recorded with a 50MHz MX700 transducer.
Right and left ventricular diameter at end-systole, right ventricular diameter at end-diastole,
right and left ventricular ejection fraction and fractional shortening (RV diameter; s and LV
diameter; s, RV diameter; d, RVEF, LVEF, RVFS and LVFS, respectively) were calculated with
the integrated cardiac measurement package, where at least three consecutive cardiac cycles

were used for analysis.

2.2.18 Contraction analysis

EBs at d6 were seeded on 0.1% gelatin-coated 24-well plates. Movies of spontaneous beat-
ing at day 8 and day 10 were acquired for at least 30s with a Leica DMI8 microscope at 100
frames/sec and a 20x objective. Contractility parameters were obtained by analyzing movies
with MUSCLEMOTION V1.0 (Sala, van Meer et al. 2018).

2.2.19 RNA-Sequencing and data analysis

Control and Lmna KO Nkx2-5-GFP ES cell lines were differentiated using the hanging drop
method. Cardiac progenitors at d6 and CMs at d10 were sorted by Nkx2-5-GFP from three
different control and three different Lmna-/- clones. Dayl0 EBs containing CMs, endothelial
and other types of cells were also harvested for RNA-Seq. For RNA-Seq of control, Lmna

knockdown CMs, wild type Nkx2-5-GFP ES cell lines were differentiated by the directed car-
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diac differentiation method and CMs were transduced with pLKO control or Lmna shRNA len-
tivirus at d8 and harvested at d10. RNA was isolated using the RNeasy Plus Universal Mini kit
(Qiagen #73404). The integrity of the RNA was assessed on a Bioanalyzer 2100 (Agilent).
Library preparation and sequencing were performed on a BGISEQ-500 platform. RNA-Seq
reads were trimmed of adapters using Trimmomatic-0.39 and mapped to the mm10 reference
genome using STAR (—alignintronMin 20 —alignintronMax 500000). Read quality was con-
trolled by the MultiQC tool. Reads were counted using the analyzeRepeats.pl function (rna
mm210 —count exons —strand both —noadj) from HOMER after creating the tag directories with
makeTagDirectory. For visualization of RNA-seq reads in the genome browser IGV, bam files
of the three individual replicates were first merged by BamTools, then the BamCoverage func-
tion of deepTools with normalization to RPKM was used to generate the bigwig files (-bs 20 --
smoothLength 40 --normalizeUsing RPKM —e 150). Differential expression was quantified and
normalized using DESeq2. Reads per kilobase per millions mapped (RPKM) was determined
using rpkm.default from EdgeR. Excel was used to filter differentially regulated genes (fold
change 21.5; log2 fold change <-0.58, 20.58; p-value< 0.05.). Gene ontology pathway analysis
was performed using DAVID Bioinformatics Resources 6.8. Clustering analysis displayed as
heatmap was performed using heatmapper.ca. All Heatmaps represent the row-based Z-
scores calculated from trimmed mean of M-values (TMM). The PCA plots were obtained using
prcomp into a custom R-script and volcano plots were obtained using a custom R-script. Box-
plots were performed with the function boxplot from library Graphic from R using RPKM nor-
malized values. All data, including publicly available data, were normalized with the same pa-

rameters.

2.2.20 ATAC-Sequencing and data analysis

Both Lmna+/+ and Lmna-/- ESC and Nkx2.5-GFP sorted CM were processed using a modified
protocol from Corces, Trevino et al. (2017). In brief, 50,000 cells were centrifuged at 500g for
5 min at 4°C and washed with PBS. The cell pellet was resuspended in 50 pl cold lysis buffer
(10 mM Tris-HCI pH 7.4, 10 mM NaCl, 3 mM MgCl,, 0.1% Igepal CA-630) and incubated for 3
min on ice, followed by stopping the reaction by diluting with 1 ml ATAC resuspension buffer
(10 mM Tris-HCI pH 7.4, 10 mM NaCl, 3 mM MgCl,) and 10 min centrifugation (500g, 4°C).
Isolated nuclei were incubated in 50 ul transposase mixture with 2.5 ul Nextera Tagment DNA
Enzyme TDE (lllumina,15027916) in 47.5 pl transposition buffer (20 mM Tris-HCI pH 7.6,
10 mM MgCl;, 20% Dimethylformamide) for 30 min at 37 °C. Following the transposition reac-
tion, the DNA was purified using ChIP DNA Clean and Concentrator Kit (Zymo, D5205). Library
amplification together with indexing was performed by a 5-cycle pre-amplification step, a SYBR
green gPCR side reaction with 1/10 of the pre-amplified material to determine the cycle num-
bers required for amplification, followed by PCR with individually adapted cycle numbers. PCR
was done using the NEBNext High-Fidelity 2x PCR Master Mix (New England Biolabs, M0541S)
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and Nextera Index Kit (lllumina,15055290). Magnetic bead purification with two-sided size se-
lection using undiluted Agencourt AMPure XP Beads (Beckman Coulter, A63881) ensured li-
brary sizes between 150 and 1000 bp, detected by Bioanalyzer High Sensitivity DNA analysis
(Agilent,5067-4626). Libraries were mixed in equimolar ratios and prepared according to the
Denature and Dilute Libraries Guide (15048776v02). 1.8 pM concentrated libraries including
PhiX sequencing control were sequenced on NextSeq550 platform using v2.5 chemistry (lllu-
mina Nextseq 500/550, 20024907).

ATAC-seq reads were trimmed of adapters using Trimmomatic-0.39 and then mapped to
mm210 mouse genome with Bowtie2 (Langmead and Salzberg 2012). Following removal of
unmapped reads by SAMtools (-F 1804 -f 2) (Li, Handsaker et al. 2009), PCR artefacts were
excluded by the MarkDuplicates.jar from Picard-tools-1.119 (Tools 2015). BamCoverage func-
tion of deepTools (Ramirez, DUndar et al. 2014) with normalization to RPKM was used to
generate the bigwig files for visualization of ATAC-seq reads in the genome browser IGV (-bs
20 --smoothLength 40 --normalizeUsing RPGC --effectiveGenomeSize 2150570000 -e). After-
wards, fastg.gz files of each 3 replicates were merged and processing was performed like
described. Peak calling was applied from merged bam-files with MACS2 (-q 0.01 --nomodel -
-shift -75 --extsize150) (Gaspar 2018), whereas peaks overlapping blacklist defined by EN-
CODE were discarded by the help of Bedtools v2.28.0 (intersect -wa) (Quinlan and Hall 2010).
Called peaks from merged files and individual bam files were further used to quantify and
normalize counts as well as to calculate differentially accessible chromatin regions upon Lmna
deletion using the R package DiffBind (Stark and Brown) with normalizing to RPKM and using
DESeq2 method to perform differential analysis. Peaks were annotated by a custom R script
combining ChiPseeker (Yu, Wang et al. 2015) and rtracklayer packages (Lawrence,
Gentleman et al. 2009). Promoter regions were defined as +3 kb around the mm10 gene tran-
scription start site unless otherwise stated.

Principle component analysis (PCA), correlation heatmap, heatmap of 10000 most significant
peaks and annotation pie chart were generated by the help of the DiffBind package. Volcano
plots are based on the EnhancedVolcano package (Blighe K 2020). Homer motif enrichment

analysis was performed with the findMotifsGenome.pl (-size 200 -len 8 -mask) function.

2.2.21 Hi-C and data analysis

Hi-C libraries were generated according to (Rao, Huntley et al. 2014) with modifications. Five
million mESC were crosslinked with 1% formaldehyde for 10 min at RT and quenched with
120pM Gylcine for 5 min at RT on a rotator. Cells were pelleted at 4 °C for 5 min at 2,500
relative centrifugal force (RCF) and washed twice with ice cold PBS. Cells were lysed in 500
I of ice-cold Hi-C lysis buffer (10 mM Tris-HCI pH 7.5, 10 mM NaCl, 0.2% NP-40, 1x protease
inhibitors) with rotation at 4 °C for 30 min. Nuclei were then pelleted and resuspended in 100
gl of 0.5% SDS and incubated at 62 °C for 10 min. The SDS reaction was stopped by adding
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285 pl of water and 50 ul of 10% Triton X-100 to each sample at 37 °C for 15 min. 200 U of
Mbol restriction enzyme (NEB, R0147) and 50ul of NEB Buffer 2 were used to digest the chro-
matin. Samples were then incubated at 37 °C for 3 h with rotation. The restriction enzyme was
then heat inactivated at 62 °C for 20 min. To fill-in the Mbol overhang and mark the ends, 52
I of incorporation master mix (37.5 pl of 0.4 mM biotin—dATP (Thermo Fisher, 19524016); 4.5
pl of a dCTP, dGTP, and dTTP mix at 10 mM each; and 10 ul of 5 U/uL DNA Polymerase I,
Large (Klenow) Fragment (NEB, M0210)) were added to the nuclei and incubated at 37 °C for
1 h with rotation. 948 pl of ligation master mix (150 pl of 10x NEB T4 DNA ligase buffer with
10 mM ATP (NEB, B0202), 125 pl of 10% Triton X-100, 3 ul of 50 mg/mL BSA (Thermo Fisher,
AM2616), 10 ul of 400 U/ul T4 DNA Ligase (NEB, M0202), and 660 ul of water) were then
added to each sample and incubated overnight at 16 °C. After proximity ligation, the nuclei
were pelleted at 2,500 RCF for 5 min at room temperature and the supernatant was used
further. Reverse crosslinking was done by overnight incubation at 65°C. DNA was purified
using ChIP DNA Clean & Concentrator Kit (Zymo Researhc, D5205) and then sheared to a
length of ~400 bp. 50 ng of the sheared DNA was used for pull down of biotinylated proteins
with 5 yl of Streptavidin C-1 beads (Thermo Fisher, 65001) in biotin binding buffer (10 mM
Tris-HCI pH 7.5, 1 mM EDTA, 2 M NacCl) at room temperature for 15 min while shaking. Beads
were then captured on the magnet, washed twice with 500 ul of Tween Wash Buffer at 55 °C
for 2 min with shaking followed by one washing step using 100 ul of 1x TD Buffer (10 mM Tris-
HCI pH 7.5, 5 mM magnesium chloride, 10% dimethylformamide). The beads were then re-
suspended in 25 yl of 2x TD Buffer, 2.5 yl Tn5 and water to 50 ul and incubated at 55 °C for
10 min while shaking. The beads were captured with a magnet and incubated in 50 mM EDTA
at 50 °C for 30 min while shaking. Beads were further washed two times with 50 mM EDTA
followed by a wash with Tween Wash Buffer at 55 °C for 2 min and with 10 mM Tris before
PCR amplification. Beads were then resuspended in 25 pl of Phusion HF 2x (New England
Biosciences), 1.25 ul of illumine Index 1 (i7) adapters and Index 2 (i5) Adapters from Nextera
kit (lllumina,15055290) and 22.5 ul of water and amplification was carried out using the follow-
ing PCR program: 72 °C for 5 min, 98 °C for 1 min, then cycle at 98 °C for 15 s, 63 °C for 30
s, and 72 °C for 1 min. Cycle numbers needed for amplification (beginning of exponential am-
plification) was determined for each sample. Afterwards, Ampure beads were used for double
size selection to purify DNA with size range of 300- 700 bp. After size selection, libraries were

guantified on Bioanalyzer and sequenced paired end with read length of 75.

Hi-C paired-end reads were aligned to the mm10 genome, duplicate reads were removed,
reads were assigned to Mbol restriction fragments, filtered into valid interactions, and the in-
teraction matrices were generated using the HiC-Pro pipeline default settings (Servant,
Varoquaux et al. 2015). HiC-Pro valid interaction reads were then used to detect significant

loops and generate Washu epigenome browser file using FitHiChIP. Significant loops were
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detected using the following settings: FDR 0.01, All to All loop detection without providing peak
file (Hi-C mode), binsize 10 kb, LowDistThre 20000 and UppDistThr 2000000. The PE align-
ment output of HiC-Pro was used to build a .h5 matrix of 200Kb using hicBuildMatrix command
with default settings from HiCExplorer. The .h5 matrixes were normalized (hiNormalize com-
mand), corrected (HicCorrectMatrix command) and matrix bins were merged (hicMergeMa-
trixbins -nb 50). The merged bins matrix was then used to generate heatmaps. Validpairs HiC-
Pro output were used to generate HOMER TagDirectories (Heinz, Benner et al. 2010) which
were used to do the principal component analysis with a resolution of 25kb. DNA segments
with a positive principal component 1 (PC1) value in at least two biological replicates were
defined as compartment A, while those with a negative value were defined as compartment B.
DNA compartment switches from A to B or B to A was considered if changes were observed
in at least two biological replicates in both control and knockout. A DNA segment was defined
as static if it stayed in compartment A or B in at least two biological replicates from the control

and Lmna knockout mESCs.

2.2.22 Statistics and reproducibility

All experiments were performed at least three independent times and the respective data were
used for statistical analyses. Values for n represent always biologically independent samples.
Data are presented as mean x SD. Differences between groups were assessed using an un-
paired two-tailed Student’s t-test or ANOVA multiple comparisons, as indicated in the figure
legends. For small size samples (n=3) which cannot meet the normal distribution, differences
between groups were assessed using the nonparametric Mann-Whitney U Test or Kruskal-
Wallis Test for multiple comparisons. P values represent significance *P<0.05, **P<0.01,
***P<0.001. GraphPad Prism v8.0.2 was used to perform the statistical analysis and prepare

figures.
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3 RESULTS

3.1 Lmna deficiency leads to aberrant cardiovascular cell fate choices

3.1.1 Lmna knockout mESC generation by CRISPR/Cas9 gene editing

Chromatin tethering to the nuclear lamina have been proposed to control cardiac lineage re-
striction (Poleshko, Shah et al. 2017), however, to what extent nuclear lamins are involved in
this process remains unknown. To determine whether lamin A/C plays a role in cardiac differ-
entiation, | generated lamin A/C knockout E14-NKX2-5-EmGFP mESCs cell line by deleting
the first two exons of the Lmna genome with CRISPR/Cas9. After intial prescreening, 3 inde-
pendent clones were used further for the study (Fig. 16a). Western blot analysis confirmed a

complete loss of lamin A/C protein level in mESC (Fig. 16b).
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Figure 16. Lmna knockout mESC generation. a Schematic diagram of Lmna knockout ESC generation by
CRISPR/Cas9 gene editing. b Western blot analysis of lamin A/C in control and Lmna-/- ESCs.

3.1.2 Lmna deficiency leads to aberrant cardiovascular cell fate choices

| therefore studied the role of lamin A/C in cardiovascular differentiation using undirected
mMESC differentiation to generate different cardiovascular cell types (Fig. 17a). Interestingly,
Lmna-/- mESC differentiated embryoid bodies (EBs) started beating already at day 7 (d7), and
| observed a significantly higher number of beating EBs at later days of differentiation (Fig.
17b). Consistent with this, | detected a significant increase in the CM marker genes Thnt2,
Mic2v, Mic2a in Lmna-/-, while the endothelial cell (EC) marker genes Pecaml and Flk1 were
downregulated (Fig. 17c). Similar changes were detected in Lmna+/- EBs, suggesting loss of
one allele results in Lmna haploinsufficiency and aberrant cardiovascular cell fate choices (Fig.
17d).
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Figure 17. Lmna deficiency leads to aberrant cardiovascular cell fate choices. a Schematic diagram of the
experimental setup. CMs, cardiomyocytes; SMCs, smooth muscle cells; ECs, endothelial cells. b Percentage of
beating EBs derived from Lmna+/+ and Lmna-/- mESCs at day 8 and day 10. n=4 biologically independent samples.
¢, d gPCR analysis of CM (Mlc2a, Mic2v, Tnnt2), endothelial (CD31, Flk1l) and smooth muscle (SM-22a, SM-actin)
genes in day 10 (d10) EBs differentiated from Lmna+/+ and Lmna-/- mESCs (c, n=6 biologically independent sam-
ples) or Lmna+/+ and Lmna+/- mESCs (d, n=4 biologically independent samples).

3.1.3 Lmna deficiency promotes cardiac differentiation by using direct CMs differentiation
method

To further study how lamin A/C regulates CMs differentiation, | used a protocol for directed

CMs differentiation from mESC (Fig. 18a) (Kattman, Witty et al. 2011). | observed a similar

singnificant increase in the expression of CM marker genes upon lamin A/C depletion (Fig.

18b). Taken together, these results suggest that lamin A/C depletion results in a premature

cardiomyocytes differentiation.
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Figure 18. Lmna deficiency promotes CMs differentiation by direct CMs differentiation method. a Schematic

diagram of directed differentiation of ESCs into CMs. b Relative mRNA expression of CM genes at day 10 of directed
cardiac differentiation.
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3.1.4 Loss of Lmna doesn’t affect early cardiac mesoderm commitment

To gain a better understanding of the mechanisms underlying lamin A/C function in cardiogen-
esis, | collected day2, day3 as well as day4 EBs and analyzed cardiac mesoderm commitment
and cardiovascular in more detail. Real-time PCR analysis for mesoderm (Eomes) and cardiac
mesoderm markers (Mespl) showed no significant difference in expression levels between
control and lamin A/C-deficient EBs (Fig. 19a, b). Similarly, FACS analysis for FLK-1 and
PdgfR-a, found no differences in early cardiovascular progenitor cell numbers (Fig. 19c, d).
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Figure 19. Loss of Lmna doesn’t affect early cardiac mesoderm commitment. a Relative mRNA expression of
the cardiac mesoderm marker Mespl in EBs differentiated from control and Lmna-/- mESCs at different days. n=6
biologically independent samples. b Relative mRNA expression of the mesodermal marker Eomes in EBs differen-
tiated from control and Lmna-/- mESCs at different days (n=6). ¢ Representative FACS analyses of early PdgfR-
a+/FLK1+ cardiovascular precursors in d4 EBs differentiated from control and Lmna-/- mESCs. d Percentage of
early PdgfR-a+/FLK+ cardiovascular precursors in d4 EBs differentiated from control and Lmna-/- ESCs determined
by FACS analysis (n=3).

3.1.5 Lmna regulates cardiovascular progenitor cell fate choices

Next, | investigated whether lamin A/C depletion affects cardiac progenitor cells diversification.
FACS analysis of day5 and day6 EBs shows no differences in early cardiac progenitor num-
bers (Fig. 20a). However, at the cardiac progenitor stage (d6) | detected significant upregula-
tion of core cardiac transcription factors (TFs) such as Gata4, Isl1, Mef2C and Nkx2-5 ect. (Fig.
20b), followed by increase in CM and decrease of EC numbers at later stages (Fig. 20c and
20d), suggesting a role for lamin A/C in regulating cardiovascular progenitor cell fate choices.
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Figure 20. Lmna plays a role in regulating cardiovascular progenitor cell fate choinces. a Percentage of
Nkx2-5+ cardiac precursors in d5 and d6 control and Lmna-/- EBs determined by FACS analysis. n=6 biologically
independent samples. b Relative mRNA expression of cardiac progenitor marker genes in dé EBs. FHF, first heart
field markers; SHF, second heart field markers, n=6 biologically independent samples. c-d Representative FACS
analyses of cardiac troponin (TnT)+ CMs and Pecaml+ ECs (left) and percentage of cTnT+ CMs and Pecaml+
ECs determined by FACS (right) at day 8 (n=4 biologically independent samples for CMs and n=3 biologically
independent samples for ECs) and day10 of mESC differentiation (n=6 biologically independent samples).

3.1.6 RNA-seq analysis of Nkx2-5 sorted Lmna-/- cardiac progenitors

To further study the mechanisms underlying cardiac cell fate choices upon lamin A/C loss, |
performed RNA-sequencing (RNA-Seq) of sorted cardiac progenitors from day 6 EBs using
Nkx2.5 GFP reporter that allows for selectively sorting of cardiac cells (Fig. 21a). Next | per-
formed Gene Ontology (GO) analysis using DAVID 6.7 and found the genes upregulated in
Lmna-/- cardiac progenitor cells (CPs) revealed over-representation of GO terms linked to
heart and cardiac muscle tissue development, including many key cardiac TFs such as Gata4,
Isll, Mef2C, Smarcd3 ect., as well as genes involved in cardiac contraction and regulation of
biosynthetic processes (Fig. 21b). In contrast, genes downregulated upon lamin A/C loss were
enriched in GO terms linked to anterior/posterior patterning, alternative cell fates including vas-
culature development (Fig. 21b), consistent with the decreased number of ECs.
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Figure 21. RNA-seq analysis of Nkx2-5 sorted Lmna-/- cardiac progenitors. a Volcano plot showing the distri-
bution of differentially expressed genes (DEG) between Lmna+/+ and Lmna-/- FACS-sorted Nkx2-5+ CPs from d6
EBs. n =3 biologically independent samples; log2 fold change <-0.58, 20.58; p-value <0.05. P-value was calcu-
lated by DESeqg2. b Representative genes and enriched GO terms in upregulated (red) and downregulated (blue)

genes are presented. Significance is presented as p-values from pathway analysis using DAVID Bioinformatics
Resources 6.8.
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3.1.7 RNA-seq analysis of Lmna-/- embryonic bodies at day10

To further study the function of lamin A/C on CMs and ECs cell fate choices, | collected day10
EBs which contain all embryonic cell types and performed RNA-seq. Similarly, RNA-Seq anal-
ysis of d10 EBs revealed that genes involved in heart contraction and calcium ion transport
showed elevated expression (Fig. 22a and 22b), further confirming the results obtained from
the transcriptome analysis of sorted cardiac progenitors. In addition, we observed upregulated
genes involved in carbohydrate metabolic process such as Pdk4, Hk1, Pfkl and Pgm2. Lipid
transport related apolipoproteins and transcription factors Ppar-y and Ppar-6 were also upreg-
ulated. In contrast, large numbers of Hox family genes involved in anterior/posterior patterning
and Wnt signling related genes which are crucial for cell fate commitment during development
were decreased. Similar to cardiac progenitors, genes involved in vascular development such
as Kdr, Nrpl, and Angptl4 were decreased as well (Fig. 22b). Moreover, | also observed an

increased apoptotic process and decreased meiotic cell cycle process in dayl10 EBs (Fig. 22b).
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Figure 22. RNA-seq analysis of d10 EBs. a Volcano plot showing the distribution of differentially expressed genes
(DEG) in Lmna+/+ and Lmna-/- d10 EBs. n=3 biologically independent samples; log2 fold change <-0.58,
>0.58; p-value <0.05. P-value was calculated by DESeqg2. b Representative genes and enriched GO terms in up-
regulated (red) and downregulated (blue) genes are presented. Significance is presented as p-values from pathway
analysis using DAVID Bioinformatics Resources 6.8.

3.1.8 RNA-seq analysis of Nkx2-5 sorted Lmna-/- cardiomyocytes

To study whether the increased expression of cardiac structural and contraction genes is
simply due to the increased number of CMs or if Lmna-/- CMs express these genes in higher
level compared to control cells, | performed RNA-Sequencing of sorted Nkx2-5+ CMs. GO
analysis revealed that upregulated genes in CMs were similarly enriched in GO terms linked
to cardiac muscle contraction, regulation of heart rate as well as calcium ion transport, while
downregulated genes were linked to nervous system development, anterior/posterior pattern-

ing and cell cycle (Fig. 23a and 23b).
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Figure 23. RNA-seq analysis of Nkx2.5 sorted Lmna-/- CMs. a Volcano plot showing the distribution of differen-
tially expressed genes (DEG) between Lmna+/+ and Lmna-/- FACS-sorted Nkx2-5+ CMs from d10 EBs. n =3 bi-
ologically independent samples; log2 fold change < -0.58, =0.58; p-value <0.05. P-value was calculated by DESeq2.
b Representative genes and enriched GO terms in upregulated (red) and downregulated (blue) genes are presented.
Significance is presented as p-values from pathway analysis using DAVID Bioinformatics Resources 6.8.

3.1.9 Impact of lamin B1 on CMs differentiation

To determine whether lamin B1 plays a similar role as lamin A/C in cardiac differentiation, |
generated lamin B1 knockout mESCs cell line by deleting from exon 2 to exon 5 of the Lmnb1
genome with CRISPR/Cas9 (Fig. 24a). After intial prescreening, 3 independent clones were
used further for the study. Western blot analysis confirmed a complete loss of lamin B1 protein
level in mESC (Fig. 24b). Similarly, | differentiated Lmnb1-/- mESCs into cardiomyocytes by
using hanging drop method and collected EBs from different stages for RNA isolation. Quan-
titative PCR (qPCR) analysis of ealry cardiac mesoderm markers, cardiac progenitors and
CMs markers showed that ablation of lamin B1 in mESCs did not largely affect cardiomyocyte
differentiation (Fig. 24c-24e), suggesting that lamin A/C rather than lamin B1 plays a key role
in cardiac lineage restriction.
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Figure 24. Impact of lamin B1 on cardiomyocyte differentiation. a Schematic representation of the strategy
used to generate Lmnb1-/- ESCs using CRISPR/Cas9 gene editing. b Western blot analysis of lamin B1 in control
and Lmnb1-/- ESC. ¢ Relative mRNA expression of mesodermal markers in EBs at different days (n=6). d Relative
MRNA expression of cardiac progenitor marker genes in d6 EBs (n=4). e Relative mRNA expression of CM (Mlc2a,
Mic2v and Tnnt2), EC (FIk1 and Pecaml), and smooth muscle (SM-22a, SM-actin) genes in d10 EBs (n=4). a-e:
Data are represented as mean = SD, unpaired two-tailed Student’s t-test (top panel) were used. P-values are as
follows: ***p <0.001, **p <0.01, *p < 0.05. Source data are provided as a Source Data file.

3.2 Lamin A/C loss induces 3D chromatin reorganization in mESCs

3.2.1 Lamin A/C expresses in mESCs and CMs

Since | detected major changes in gene expression in Lmna-/- versus Lmna+/+ cardiac pre-
cursors, which have very low lamin A/C levels, | analyzed lamin A/C levels in more detail.
Lamin A/C was expressed in mESC cells (Kim, Zheng et al. 2013) , absent after exit of plurip-
otency and during early differentiation, and showed high levels in cardiomyocytes (Fig. 25a).
To further confirm the expression of lamin A/C in mESC, | performed immunofluorescence by
using two different anbodies of lamin A/C. Consistent with lamin A/C expression in mESCs, |
observed dramatic changes in nuclear structure in mESCs lacking lamin A/C. Lmna-/- nuclei
were bigger, showed irregular shape and enlarged nucleoli (Fig. 25b and 25c). In addition to
irregular nuclear shape, lamin A/C-deficient mESCs formed flatter and more irregular colonies
with varying levels of the pluripotency marker Oct4, in comparison to the compact and round
control and lamin B1-deficient mESCs colonies which highly expressed Oct4 (Fig. 25d and
25e).
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Figure 25. LaminA/C expression in mESC and CMs. a Western blot analysis of lamin A/C and lamin B1 during
directed CM differentiation. b-c Confocal images of immunostaining for lamin A/C (red), lamin B1 (green) and nu-
cleus (DAPI, blue) of Lmna+/+ and Lmna-/- mESCs by two different antibodies. Scale bars, 4 um. ¢ Confocal images
of immunostaining for Oct4 (red) and nucleus (DAPI, blue) in Lmna+/+ and Lmna-/- ESCs. Scale bars, 20 pm. d
Phase contrast images showing colony morphology of control, Lmna-/- and Lmnb-/- ESC colonies. Scale bars, 120
pm.

3.2.2 Chromosome 14 decompaction in Lmna-/- by Hi-C analysis

Since | observed major nuclear enlargement in Lmna-/- mESCs, | next studied the effect of
lamin A/C loss on the three-dimensional (3D) chromatin organization of mESCs using Hi-C.
Hi-C data analysis was performed with the help of Adel Elsherbiny. Interestingly, the Hi-C
contact matrices of Chr. 14 were markedly different (Fig. 26a, 26c¢), whereas | did not observe
major changes in other chromosomes (Fig. 26d). To further confirm this observation, | next
performed Chr.14 painting by using a fluorescence labeld probe for Chr. 14. FISH analysis
showed a significantly enlarged Chr. 14 territory, supporting the Hi-C analysis and pointing to
an important role of lamin A/C in Chr. 14 compaction (Fig. 26b).
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Figure 26. Hi-C analysis of the three-dimensional (3D) chromatin organization of Lmna-/- mESCs. a Repre-
sentative log transformed contact matrices of Chr. 14 at 100 kb resolution in Lmna+/+ (n=3) and Lmna-/- mESCs
(n=3). b FISH chromosome painting of Chr. 14 (green) in control and Lmna-/- mESCs. ¢ Log-transformed contact
matrices of Chr. 14 at 100 kb resolution in Lmna+/+ and Lmna-/- biological triplicates. d Log transformed contact
matrices of all chromosomes at 100 kb resolution in Lmna+/+ and Lmna-/- ESCs.
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3.2.3 Loss of Lmna leads to B/A compartments transitions

More detailed analysis revealed a decrease in trans-interactions (involving different chromo-
somes) and an increase of long distance cis-interactions in Lmna-/- mESCs (Fig. 27a). Previ-
ous studies demonstrated that the genome is organized into relatively active and inactive re-
gions, referred to as A and B compartments, respectively (Lieberman-Aiden, van Berkum et al.
2009). Interestingly, around 8% of the chromatin compartments switched from A to B and vice
versa as a result of lamin A/C depletion (Fig. 27b). GO analysis of genes located in inactive B
compartments that transitioned to active A compartments in Lmna-/- mESCs were enriched for
GO terms linked to calcium ion transmembrane transport, chromatin organization, muscle cell
differentiation and relaxation of cardiac muscle, including genes such as Myl4, Atp2a3, Ryr2,
Camk2d, etc. (Fig. 27c). Active chromatin compartments that transitioned to an inactive state
were enriched for genes linked to protein phosphorylation, nervous system development, cell
migration and adhesion (Fig. 27d). Chr. 14 showed the most changes with around 13% active
to inactive or vice versa transitions, consistent with the large-scale chromatin decompaction at

this chromosome (Fig. 27e).
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Figure 27. Loss of Lmna leads to an inactive B and active A compartments transitions. a Percentage of trans
or cis interactions as well as cis interactions with distances less than 20 kb (cis_short) and distances more than 20
kb (cis_long). b Genomic regions divided into static, i.e. without compartment transitions (blue) and dynamic — with
A/B compartment transitions (orange, left graph). Dynamic regions are subdivided into A to B (green) and B to A
(pink) transitions (right graph). c-d GO analysis of genes showing B to A and A to B transitions. e Static (blue) and
dynamic (orange) compartments at Chr. 14. Regions with A/B compartment switch are subdivided into A to B (green)
and B to A (pink) transitions.
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3.2.4 A-B compartments transition correlates with lamin A/C LADs

Using lamin A/C-DamID and lamin B1-DamiID data from murine mESC (Peric-Hupkes,
Meuleman et al. 2010, Amendola and van Steensel 2015), which map chromatin domains as-
sociated with lamin A/C and lamin B1, also referred to as lamin A/C LADs and lamin B1 LADs,
| found a strong overlap of lamin A/C LADs as well as common lamin A/C and B1 LADs with
the compartments changes observed in Lmna-/- mESCs (Fig. 28a, 28b). Intersection of the
genes found within lamin A/C-DamID and lamin B1-DamlID data, revealed that 92% of the
genes found in lamin B1 LADs were in lamin A/C LADs, whereas 6524 genes were uniquely
found in lamin A/C LADs (Fig. 28c). Within genes localized specifically in lamin A/C LADs were
key cardiac TFs, such as Gata4/6, Isl1 as well as cardiac structural proteins, such as Actcl,
Myl4, Mylk, etc, whereas Ryr2, Mef2c, Hcnl, Calca, Camk2d, etc. were found in close proxim-
ity to both lamin A/C and B1 LADs.
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Figure 28. A-B compartments transition correlates with lamin A/C LADs. a Genome tracks of Hi-C PC1 at 25
kb resolution and lamin A/C DamID regions at cardiac genes upregulated in Lmna-/- mESCs showing A (red) and
B (black) compartments in Lmna+/+ and Lmna-/- mESC. Lamin A/C DamID regions are presented as black boxes
below the tracks. b Percentage of compartment changes showing overlap with lamin A/C specific LADs, lamin B1
specific LADs and lamin A/C/lamin B1 common LADs as well as non-LADs. ¢ Overlap of genes within lamin A/C
and lamin B1 LADs.
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3.2.5 Dissociation of cardiac-specific genes from the repressive nuclear periphery already
in Lmna-/- mESCs

Nuclear lamins tether chromatin at the nuclear periphery, which is characterized by low tran-
scriptional activity. To analyze whether lamin A/C loss leads to dissociation of cardiac-specific
genes from the repressive nuclear periphery already in mESCs, | performed 3D FISH with
probes for Gata4, Mef2c, Actcl, Ttn and Kcngl. Interestingly, | observed a shift of CM-specific
genes from the nuclear periphery to the active nuclear interior for genes found specifically in
lamin A LADs as well as for genes found in lamin A/B1 LADs, whereas Kcngl, which is not
found in LADs, was not affected (Fig. 29a). Quantification of the percentage of cells showing
zero (grey), one (orange) or two (blue) alleles at the nuclear periphery for the indicated genes
revealed more than 60% of the cells with a shift of cardiac locus from he nuclear periphery to
the active nuclear interior (Fig. 29b). And the distance of Gata4, Mef2c, Actcl, Ttn locus to
nuclear periphery in individual nuclei of Lmna-/- mESCs was increased compared with
Lmna+/+ suggesting a role of lamin A/C in tethering cardiac genes to the repressive nuclear
periphery in mESCs (Fig. 29c).
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Figure 29. Loss of Lmna leads to a dissociation of cardiac-specific genes from the repressive nuclear pe-
riphery to nuclear interior. a Representative DNA FISH images of cardiac-specific genes within LADs showing
re-localization from the nuclear periphery to the nuclear interior in Lmna+/+ or Lmna-/- mESCs. Kcnqgl, a gene not
found in LADs, did not show any change in localization. b Quantification of the percentage of cells showing zero
(grey), one (orange) or two (blue) alleles at the nuclear periphery for the indicated genes. ¢ Quantification of the
distance of Gata4, Mef2c, Actcl, Ttn and Kcngl to nuclear periphery in individual nuclei of Lmna+/+ and Lmna-/-
MESCs. Data are represented as mean + SD, n=30-50, unpaired two-tailed Student’s t-test was used.

3.3 Lamin A/C deficiency in ESCs primes cardiac specific gene expression
3.3.1 Ectopic cardiac gene activation in Lmna-/- mESC

Since | observed large scale of chromatin changes in Lmna depleted mESC, | next performed
RNA-seq of Lmna+/+ and Lmna-/- mESCs (n=3). Further transcriptome analysis revealed a
significant upregulation of genes associated with the nuclear lamina and encoding for major
TFs and signaling molecules involved in stem cell differentiation, consistent with the primed
state of Lmna-/- mESCs (Fig. 30a-30c). Intriguingly, heart contractile proteins and Ca?* trans-
porters such as Myl4, Myl7, Calca, Atp2a3 ect. were also already transcriptionally upregulated
in mESCs upon lamin A/C loss, consistent with the chromatin organization changes observed
at these genes. To further confirm the protein levels of the upregluted genes in mESCs, | per-
formed the immunofluorescence. In line with the transcriptional up-regulation of cardiac struc-
tural components such as Myl4 and core cardiac TFs such as Gata4, | observed greatly in-
creased MYL4 and GATA4 protein expression in lamin A/C-deficient mESCs further supporting

a role a lamin A/C in gene expression in mESCs. (Fig. 30c).
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Figure 30. Ectopic cardiac gene activation in Lmna-/- mESC. a Volcano plot showing the distribution of differ-
entially expressed genes between Lmna+/+ and Lmna-/- mESCs (n=3; log2 fold change < -0.58, 20.58; p-value <
0.05). Representative genes in upregulated (red) and downregulated (blue) genes are indicated. b Heat-map rep-
resentation of RNA-Seq analysis of control and Lmna-/- mESCs. Representative genes and enriched GO terms in
upregulated (red) and downregulated (blue) genes are presented. ¢ Confocal images of immunostaining for Gata4
(red), Myl4 (red), and nucleus (DAPI, blue) of Lmna+/+ and Lmna-/- mESCs. Scale bars, 20 um.

3.3.2 Activation of primed cardiac gene in subsequent differentiation steps

Intersection of the genes found upregulated in Lmna-/- mESC with lamin A-DamID and lamin
B1-DamlID data, revealed that 28.8% of the up-regulated genes found in Lmna-/- mESC were
within lamin A LADs, whereas only 5.1% of the up-regulated genes were uniquely found in
lamin B1 LADs (Fig. 31a). Within genes localized specifically in lamin A LADs were key cardiac
TFs, such as Gata4/6, Isl1 as well as cardiac structural proteins, such as Actcl, Myl4, Mylk,
etc, whereas Ryr2, Mef2c, Hcnl, Calca, Camk2d, etc. were found in close proximity to both
lamin A and B1 LADs (Fig. 31a). Cluster analysis revealed that a large set of genes associated
with lamin A LADs in mESCs were either upregulated in all stages of cardiac differentiation
(Fig. 31b, 31c, cluster A) or specifically in mESCs, CPs or CMs (Fig. 31b,31c, clusters B to G).
These genes were linked to stem cell differentiation, heart development, calcium ion transport,
as well as Wnt signaling (Fig. 31b, 31c). Interestingly, | found a high overlap of genes associ-
ated to lamin A LADs in mESCs and genes that are upregulated in Lmna-/- CPs and CMs
linked to heart morphogenesis and stem cell differentiation (Fig. 31b, 31c), suggesting that
lamin A/C deficiency and LADs reorganization in mESCs prime cardiac specific genes for ex-

pression in later stages during development.
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Figure 31. Activation of primed cardiac genes in subsequent differentiation steps. a Overlap of genes within
lamin A/C LADs, lamin B1 LADs and genes upregulated in Lmna-/- mESCs. Representative genes are indicated in
the boxes on the side in colors corresponding to the respective overlaps. b Hierarchical cluster analysis of genes
within lamin A/C LADs and upregulated either in Lmna-/- mESCs, Lmna-/- CPs or Lmna-/- CMs. ¢ Representative
GO terms in the different clusters presented in Fig. 3b.
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3.3.3

Increased chromatin accessibility in Lmna-/- mESCs

Since | observed 3D chromatin organization changes upnon Lmna loss, | next analyzed chro-
matin accessibility in wild-type and Lmna-/- ESCs using ATAC-Seq. ATAC-seq and data anal-

ysis were performed with the help of Linda Kessler. | observed a widespread increase in chro-

matin accessibility across the genome, as well as at genes upregulated upon lamin A/C LOF
such as Hopx, Gata4, Atp2a3, Bmp4 ect. (Fig.27a-c). In contrast, there was little change in
chromatin accessibility for genes that were downregulated in Lmna-/- ESCs (Fig. 27b, right
panel). Consistent with the wide-spread chromosome 14 (Chr. 14) decompaction, | observed
substantial accumulation of ATAC sequence peaks in Chr. 14 (Fig. 27a), where Gata4, Bmp4,
Wnt5a, Myh6 and Myh7 are located. The increased chromatin accessibility was accompanied

by an upregulation of a large number of genes within this chromosome region not only in Lmna-
/- ESCs, but also in Lmna-/- CPs and Lmna-/- CMs (Fig. 27a).
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Figure 32. Increased chromatin accessibility in Lmna-/- mESCs. a Genome tracks of ATAC-Seq reads in
Lmna+/+ and Lmna-/- ESCs and normalized RNA-Seq reads in control (black) and Lmna-/- (red) ESCs, CPs and
CMs at Chr. 14. The ATAC-Seq tracks show large-scale chromatin opening at Chr. 14 in Lmna-/- ESC (red arrows),
and the resulting transcriptional upregulation of genes located within this region in ESC, CPs and CMs. b Normal-
ized ATAC-Seq signal intensity at the TSS + 5 kb of all genes (left) as well as genes upregulated (middle) and
downregulated (right) upon lamin A loss of function in Lmna+/+ and Lmna-/- ESCs (n=3 for both Lmna+/+ and
Lmna-/- ESCs). ¢ Examples of genes showing increased chromatin accessibility and upregulation in Lmna-/- ESCs.
Genome tracks of merged ATAC-Seq and RNA-Seq reads of Lmna+/+ and Lmna-/- ESCs are presented. ATAC-
seq and data analysis were performed with the help of Linda Kessler.

3.3.4 Loss of Lmna primes cardiac genes for later activation

Cluster analysis revealed that a large set of genes that showed increased chromatin accessi-
bility in ESCs were either upregulated in all stages of cardiac differentiation (Fig. 33a, cluster
A) or specifically in ESCs, CPs or CMs (Fig. 33a, clusters B-G). Intersection of the ATAC-Seq
and RNA-Seq analysis revealed that more than half of the genes upregulated upon lamin A/C
loss in ESCs showed increased chromatin accessibility (Fig. 33a) and GO analysis of the over-
lapping genes indicated overrepresentation of GO terms linked to transcription, cell differenti-
ation, outflow tract morphogenesis as well as Wnt signaling (Fig. 33b). Motif enrichment anal-
ysis within chromatin regions of genes upregulated upon lamin A/C LOF and characterized
with more open chromatin identified binding motifs for KIf, Sox and Tead family members as

well as Gata4 binding motifs (Fig. 33c).

Interestingly, intersection of ATAC-Seq in ESCs with the RNA-Seq analysis from CPs and CMs,
revealed a high overlap of genes that undergo chromatin opening as a result of lamin A/C loss
in ESCs and genes that are upregulated only later during differentiation, i.e. in Lmna-/- CPs
and CMs (Fig. 33a). GO analysis of genes showing open chromatin conformation already at
the ESC stage and upregulation in CPs and CMs revealed overrepresentation of GO terms
linked to heart morphogenesis and cell fate commitment (Fig. 33d), supporting the notion that
lamin A/C deficiency in ESCs primes cardiac specific genes for expression in later stages dur-
ing development. Motif enrichment analysis within chromatin regions of genes upregulated
upon lamin A/C LOF in CPs and CMs showing increase in chromatin accessibility (epigenetic
priming) already in ESCs, identified binding motifs for Tead and Gata family members as well
as Meis1, which regulates postnatal CM cell cycle arrest (Mahmoud, Kocabas et al. 2013) and
Foxol, shown to be activated and to contribute to the pathogenesis of cardiac laminopathies
(Auguste, Gurha et al. 2018) (Fig. 33e). Genes, which were downregulated upon lamin A/C
deficiency and showed decreased chromatin accessibility were linked to cell adhesion, cell

migration and angiogenesis (Fig. 33f, 33g).
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Figure 33. Loss of Lmna primes cardiac genes for later activation. a Hierarchical cluster analysis of genes
showing increased chromatin accessibility in ESCs and upregulation either in Lmna-/- ESCs, Lmna-/- CPs or Lmna-
/- CMs. b GO analysis of the overlapped genes showing increased ATAC-Seq signal and upregulated upon lamin
A loss of function in ESCs ( Cluster A+B+C+D). Significance is presented as -Log10 enrichment p values. ¢ Enrich-
ment of known TF motifs in ATAC-Seq peaks of genes showing increased chromatin accessibility and upregulation
in Lmna-/- ESCs. d GO analysis of the overlapped genes showing increased ATAC-Seq signal in Lmna-/- ESC and
significant upregulation in CPs and CMs ( cluster A). e Consensus TF binding motifs in genes that are enriched in
ATAC-Seq peaks in Lmna-/- ESC and upregulated in both Lmna-/- CPs and CMs. f Overlap of genes showing
decreased ATAC-Seq signal and decreased expression in Lmna-/- mESC. g GO terms of genes within the overlap
shown in f. Significance is presented as -Log10 enrichment p-values from pathway analysis using DAVID Bioinfor-
matics Resources 6.8. Motif analysis analysis were performed with the help of Linda Kessler.

3.3.5 Lamin A rather than lamin C plays an important role in cardiac lineage restriction.

Recent studies suggest that lamin A and lamin C have distinct roles in LAD dynamics (Wong,
Hoskins et al. 2021). To study which isoform is the cause for the observed phenotypes, |
desinged siRNA that specifically downregulate lamin A or lamin C. Western blot analysis of
MESCs transfected with either control, lamin A or lamin C siRNA confirmed the specific and
efficient downregulated of these isoforms (Fig. 34a). Improtantly, only lamin A siRNA trans-
fected cells showed dissociation of Ttn from nuclear periphery to nuclear interior (Fig.34b, 34c).
gPCR analysis on genes that were shown to be upregulated upon loss of lamin A/C revaled
that depletion of lamin A but not lamin C resulted in upregulation of lamin A/C-target genes

(Fig. 34d), suggesting the lamin A rather than lamin C plays an important role in cardiac lineage
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Figure 34. Lamin A rather than lamin C plays an important role in cardiac lineage restriction. a Western blot
analysis of cells transfected with control siRNA, or siRNAs specifically targeting lamin A or lamin C. b Representa-
tive DNA FISH images of Ttn locus showing relocalization from the nuclear periphery into the nuclear interior upon
lamin A but not upon lamin C depletion. Scale bars, 4 um. ¢ Quantification of the distance of Ttn to nuclear periphery
in individual nuclei of control, lamin A depleted or lamin C depleted mESCs (h=30-50). d Relative mRNA expression
of genes upregulated upon lamin A/C loss of function in control, lamin A depleted or lamin C depleted mESCs
(n=4).c-d: Data are represented as mean + SD; One-way ANOVA with Tukey correction comparisons was used; P-
values are as follows: ***p <0.001, **p <0.01, *p <0.05. Source data are provided as a Source Data file.

3.4 Cell-type specific role of lamin A/C in shaping chromatin accessibility
3.4.1 Increased chromatin accessibility in Lmna-/- CMs

| next studied the specific role of lamin A/C on chromatin architecture in CMs. Consistent with
my ESCs results, | observed an increase in chromatin accessibility at Chr. 14 as well as genes
upregulated in Lmna-/- CMs (Fig. 35a-35€), which belonged to GO terms related to heart mor-
phogenesis, regulation of heart rate and contraction as well as calcium ion homeostasis, such
as Nkx2-5, Bmp10, Adrbl, Actcl, Ttn, Mybpc3, Myl7, etc. (Fig. 35e). In contrast, genes which
were downregulated upon lamin A/C-deficiency and showed deceased chromatin accessibility,
were linked to cell differentiation and anterior/posterior patterning (Fig.35f-35g). Motif enrich-
ment analysis within chromatin regions of genes upregulated upon lamin A/C LOF in CMs
identified binding motifs for Mef2c, Isl1, Gata, Tead, Thx family members and many other key
cardiac TFs promoting CM differentiation as well as Meis1 and Foxol (Fig. 35d), consistent
with the functional changes observed in lamin A/C-deficient CMs.
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Figure 35. Increased chromatin accessibility in Lmna-/- CMs. a Normalized ATAC-Seq signal intensity at TSS
+ 5 kb of upregulated (top) and downregulated (bottom) genes in Lmna+/+ (gray) and Lmna-/- (blue) CMs. b Overlap
of genes showing increased ATAC-Seq signal and upregulation in Lmna-/- CMs. n=3; log2 fold change <-0.58,
20.58; p-value<0.05. ¢ Representative GO terms within genes showing increased chromatin accessibility and ex-
pression in Lmna-/- CMs. d Enrichment of known TF motifs in ATAC-Seq peaks of genes showing increased chro-
matin accessibility and upregulation in Lmna-/- CMs. e Examples of genes showing increased chromatin accessi-
bility and upregulation in Lmna-/- CMs. Genome tracks of merged ATAC-Seq and RNA-Seq reads of Lmna+/+ and
Lmna-/- CMs are presented. f Overlap of genes showing decreased ATAC-Seq signal and decreased expression
in Lmna-/- CMs. g GO terms of genes within the overlap shown in f. Significance is presented as -Log10 enrichment
p-values from pathway analysis using DAVID Bioinformatics Resources 6.8. ATAC-seq and data analysis were
performed with the help of Linda Kessler.
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3.4.2 Up-regulated genes in Lmna-/- CMs show a mESC and CM specific increased chro-

matin accessibility

I next compared the role of lamin A/C for chromatin organization in CMs to that in ESCs. Im-
portantly, | found 55% overlap between genes that showed increased chromatin accessibility
in both Lmna-/- CMs and ESCs, whereas 45% showed more open chromatin only in CMs (Fig.
36a). Genes that showed increased chromatin accessibility only in Lmna-/- ESCs but were
upregulated in CMs belonged to GO terms linked to cell fate commitment, whereas 530 genes
that showed chromatin opening in both Lmna-/- ESCs and CMs were enriched in GO terms
linked to cardiac muscle contraction and cellular calcium ion homeostasis (Fig. 36b, 36¢). The
414 genes which showed specific chromatin opening upon lamin A/C loss only in CMs were
enriched for GO terms associated with cardiac muscle contraction and sarcomere organization
(Fig. 36b, 36¢). Similarly, genes that showed decreased chromatin accessibility only in Lmna-
/- mESC and down regulated in CMs belonged to GO terms linked to cell cyle, chromosome
segregation, wheareas, genes showed decreased chromatin opening in both Lmna-/- ESCs
and CMs or only in CMs were enriched for GO terms associated with neuron development (Fig.
36d).
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Figure 36. Up-regulated genes in Lmna-/- CMs show a mESC and CMs specific in-creased chromatin acces-
sibility. a Overlap between genes upregulated in Lmna-/- CMs and genes showing increased ATAC-Seq signal in
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Lmna-/- ESCs and CMs (left). b Enriched GO terms for the genes within the different overlaps are presented in a
table in corresponding colors (right). ¢ Examples of genes showing increased chromatin accessibility in Lmna-/-
ESCs and CMs as well as genes showing increased chromatin accessibility only in ESCs or CMs. Genome tracks
of ATAC-Seq reads of Lmna+/+ and Lmna-/- ESCs and CMs are presented. d Overlap between genes down-
regulated in Lmna-/- CMs and genes showing decreased ATAC-Seq signal in Lmna-/- ESCs and CMs (left). En-
riched GO terms for the genes within the different overlaps are presented in a table in corresponding gene numbers

(right).
3.4.3 LADs genes in Lmna-/- mESCs show a mESC and CMs specific increased chromatin

accessibility

I next studied the role of lamin A/C on genes within lamin A/C LADs in mESCs. Intersection of
lamin A/C DamlID data with ATAC-Seq data in ESCs and CMs revealed that genes within lamin
A/C LADs that showed chromatin opening upon lamin A/C loss either in ESC stage or CM
stage. Genes within lamin A/C LADs that showed chromatin opening specifically in ESCs were
linked to cell aging and metabolism, whereas genes showing increased chromatin accessibility
in both ESCs and CMs were linked to heart development and alternative cell fates (Fig. 37).
Interestingly, among the genes showing specific chromatin opening in CMs were Ttn and Actcl,
both found in lamin A/lamin B1 LADs which repositioned from the nuclear periphery to the
nuclear interior in ESCs, suggesting that only gene repositioning from the nuclear lamina to-

ward the interior is not sufficient to induce chromatin opening.
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Figure 37. LADs genes in Lmna-/- mESCs show a mESC and CMs specific increased chromatin accessibility.
Overlap between genes within lamin A/C LADs and genes showing increased ATAC-Seq signal in Lmna-/- ESCs
and CMs (left). Enriched GO terms for the genes within the different overlaps are presented in a table in corre-
sponding colors (right).

3.4.4 Lamin A/C rather than lamin B1 plays a dominant function of in cardiogenesis

| next compared the role of lamin A/C LADs with lamin B1 LADs on CM stage gene regulation
upon lamin A/C loss. Intersection of lamin A/C DamID , lamin B1 DamID data in mESC with
RNA-seq in CMs showed that 32% of the genes upregulated in CMs were within LADs, with
23% specifically within lamin A/C LADs and 8% within lamin A/C/B1 LADs, supporting a dom-
inant function of lamin A/C in cardiogenesis (Fig. 38a). Further, | found that 26% of downreg-
ulated genes in Lmna-/- CMs were in lamin A/C LADs whereas 14% in lamin A/C/B1 LADs in

ESCs, supporting a direct role of lamin A/C in chromatin reorganization and transcriptional
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activation particularly at genes related to cell cycle and anterior/posterior patterning (Fig. 38b).
Taken together my data indicate that lamin A/C rather than lamin B1 plays a key role in tran-
scriptional priming of genes involved in cardiac development, CM contraction and Ca2+ ho-
meostasis in ESCs, whereas in CMs lamin A/C specifically regulates genes involved in cardiac

contraction and sarcomere organization.
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Figure 38. Lamin A/C rather than Lamin B1 plays a dominant function of in cardiogenesis. a-b Overlap be-
tween genes within lamin A/C and lamin B1 LADs and genes showing increased (a)and decreased (b) gene ex-
pression in Lmna-/- CMs (left). Enriched GO terms for the genes within the different overlaps are presented in the
table on the right. P-values are from pathway analysis using DAVID Bioinformatics Resources 6.8.

3.5 Lamin A/C is crucial for naive pluripotency
3.5.1 Lamin A/C expression during mouse and human development

Since my results revealed an important function of lamin A/C in mESCs for cardiogenesis, |
next studied lamin A/C expression in more detail. During mouse embryogenesis, Lmna mRNA
levels were low in zygote and during cleavage, but were higher in the inner cell mass and
MESCs and increased in CMs (Fig. 39a). Similarly, during human embryogenesis LMNA levels
were higher in the inner cell mass and human-induced pluripotent stem cells (hiPSCs)-derived
CMs (hiPSCs-CMs), however they were low in hiPSCs (Fig. 39b). To further confirm the ex-
pression of lamin A/C protein level in mouse MESCs and mESC-derived CMs as well as hiP-
SCs and hiPSCs-derived CMs, two different lamin A/C antibodies were used. Compared with
MESC showing moderate lamin A/C protein expression, hiPSC showed undetectable lamin
A/C protein levels. The commited mESC-CMs and hiPSC-CMs both showed high levels of

laminA/C protein expression (Fig. 39c).
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Figure 39. Lamin A/C expression during mouse and human development. a Boxplots showing the expression
of Lmna in zygote, 2-, 4-cell stage, inner cell mass (ICM) ((Biase, Cao et al. 2014), GSE57249) as well as in mESCs
and mESC-derived CMs (left panel). b Boxplots showing the expression of LMNA in human zygote, 2-, 4-cell stage,
late blastocyst as well as in iPSC, and iPSC-derived CMs (Yan, Yang et al. 2013, Banovich, Li et al. 2018);
GSE36552, GES101571 and GSE107654 (right panel). Values are mean of normalized counts. ¢ Western blot

analysis of lamin A/C in mouse mESCs and mESC-derived CMs as well as hiPSCs and hiPSCs-derived CMs using
two different lamin A/C antibodies.

3.5.2 Lamin A/C is expressed in naive mESCs and hiPSCs

Human iPSCs cultured in standard conditions represent a primed state (Shah, Lv et al. 2021),
thus | next examined lamin A/C levels and function in naive versus primed pluripotency. Inter-
estingly, toggling of naive mESCs to primed state by cultureing naive mESC in feeder free
condition with DMEM/F12 medium supplemented with Activin A and bFGF leads to a complete
loss of lamin A/C protein expression compared with naive mESCs culturing in feeder condition
with DMEM supplemented with 15% FCS and Lif (Fig. 40a), similarly to human iPSCs cultured
in standard conditions. To further confirm lamin A/C is expressed in naive state while absent
in primed sate, | converted primed hiPSC into naive state by culturing primed hiPSC in 4i
medium. Following an initial wave of widespread cell death, compacted and dome-shaped na-
ive colonies appeared about 6 to 8 days and were OCT4 positive (Fig. 40b, 40c). Immunoflu-
orescence of lamin A/C showed that lamin A/C was higly expressed in naive hiPSC suggesting

a role of lamin A/C in naive pluripotency (Fig. 40d).
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Figure 40. Lamin A/C expresses in naive mESCs and hiPSCs. a Western blot analysis of lamin A/C in mESCs
cultured in naive (DMEM high glucose/feeder/lif) and primed state (DMEM/F12/KOSR/Activin A/bFGF/feeder free)
conditions. b Schematic representation of the strategy used for conversion of primed human iPSCs into naive hiP-
SCs (top panel) and representative phase contrast images showing colony morphology of hiPSC colonies cultured
in standard conditions (primed state) or cultured in 4i medium (naive state). Scale bars, 200um. ¢ Confocal images
of immunostaining for OCT4 (red) and nucleus (DAPI, blue) in hiPSCs cultured in standard conditions or cultured
in 4i medium on feeders. Scale bars, 20um. d Confocal images of immunostaining for lamin A/C (red) and nucleus

(DAPI, blue) in hiPSCs cultured in standard conditions (primed state) and cultured in 4i medium on feeders (naive
state), Scale bars, 20 pm.

Naive iPSC

3.5.3 Lamin A/C maintains naive hiPSC pluripotency

To further study the role of lamin A/C on hiPSC pluripotency, | knockdown lamin A/C in both
naive iPSC and primed hiPSC. Lamin A/C-deficient human primed iPSCs failed to establish
naive pluripotency due to poor cell survival while silencing of lamin A/C in naive iPSCs resulted
in flatter colonies, suggesting an important role of lamin A/C in establishment and maintenance
of naive pluripotency (Fig. 41a-41c).
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Figure 41. Lamin A/C maintains naive hiPSC pluripotency. a Schematic representation of the two different strat-
egies used to generate LMNA-deficient naive hiPSCs. b Phase contrast images showing colony morphology of
control and LMNA knockdown human iPSCs cultured in standard conditions (top panels) or cultured in 4i medium
on feeders after stable knockdown of LMNA. Scale bars, 200 um. ¢ Representative phase contrast images showing
colony morphology of naive human iPSC after LMNA knockdown. Scale bars, 200um.

3.6 Distinct roles of lamin A/C in naive PSC and CMs for cardiac laminopathies
3.6.1 Functional changes in cardiovascular cells following stage-specific loss of lamin A/C

I next investigated whether the functional changes in cardiovascular cells following loss of
lamin A/C were due to its role in the suppression of cardiac gene expression program in naive
MESCs. Similar to ablation of Lmna, knockdown of lamin A/C in mESCs using shRNA led to
precocious CM differentiation and significantly higher expression of key cardiac TFs, as well
as CM marker genes (Fig. 42a). In contrast, depletion of lamin A/C in CPs, CMs led to a sig-
nificant decrease of CM specific gene expression (Fig. 42b, 42c). Similarly, knockdown of lamin
A/C in CMs isolated from neonatal mice showed significantly decreased expression of CM
structural and contraction genes, suggesting its role in the suppression of cardiac gene ex-
pression program in naive mESCs (Fig. 42d).
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Figure 42. Functional changes in cardiovascular cells following stage-specific loss of lamin A/C. a-d Rela-
tive MRNA expression of Lmna and cardiomyocyte marker genes at day 10 of directed cardiac differentiation after
shRNA mediated Lmna knockdown at different stages: mESC (a), CP (b) and CM stage (c), as well as in neonatal
cardiomyocytes after sShRNA mediated Lmna knockdown (d). Data are mean + SD, n=4 for mESC, CP and CM
stage KD, n=3 for neonatal CM KD, unpaired two-tailed Student’s t-test was used.

3.6.2 RNA-seq analysis of CMs with CM-specific depletion of lamin A/C

To further analyze the expression changes of CMs with CM-specific depletion of lamin A/C, |
performed RNA-sequencing of CMs with CM-specific depletion of lamin A/C. RNA-seq data
analysis revealed upregulation of multilineage-specific TFs, mitogen-activated protein kinase
(MAPK) as well as apoptosis-related molecules. Consistent with my gPCR analysis, many car-
diac muscle contraction genes were downregulated, as well as genes involved in angiogenesis

and cell migration (Fig. 43).
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Figure 43. RNA-seq analysis of CMs with CM-specific depletion of lamin A/C. Heat-map representation of
RNA-Seq analysis of CMs after shRNA mediated Lmna knockdown at the CM stage (n=3; log2 fold change < -0.58,
>0.58; p-value < 0.05). Representative genes and enriched GO terms for the upregulated (red) and downregulated
(blue) genes are presented on the right.

3.6.3 Comparison the transcriptome of Lmna KO mESC-CMs with the expression data from
LMNA-associated DCM patients

Since | observed differences upon lamin A/C depletion in mESCs or specifically in CMs, | first
compared the transcriptome of lamin A/C depletion in ESCs with the expression data from
patients with LMNA-associated DCM, characterized by significantly lower lamin A/C protein
levels (Cheedipudi, Matkovich et al. 2019). | observed 989 genes overlapped between the two
datasets. Genes upregulated in both Lmna-/- mESC-derived CMs and DCM patients were
linked to muscle contraction (Fig. 44a, 44b), Interestingly, among the genes overlapping be-
tween patients with pathogenic LMNA mutations and upon lamin A/C depletion in mESCs but
not in CMs | found many genes associated with DCM, e.g. RBM20, LDB3, ACTN2, MYOM1,
MYL2, etc. Downregulated genes in both cases were enriched for genes linked to mitotic cell
cycle and cell division (Fig. 44b). Consistent with these data, silencing of lamin A/C in naive
hiPSCs resulted in upregulation of cardiac structural and contraction genes, while genes in-

volved in cell cycle were downregulated after silencing of lamin A/C (Fig. 44c).
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Figure 44. Comparison the transcriptome of Lmna KO mESC-CMs with the expression data from LMNA-
associated DCM patients’ heart. a Overlap of differentially expressed genes in DCM patients with pathogenic
LMNA mutations (GSE120836 (Cheedipudi, Matkovich et al. 2019)) and Lmna-/- mESCs-derived CMs. b GO anal-
ysis of common upregulated (red) and downregulated (blue) genes are presented in the middle and right panels. ¢
Relative mRNA expression of genes upregulated in both DCM patients with pathogenic LMNA mutations and Lmna-
/- mESCs-derived CM in hiPSCs differentiated in cardiomyocytes after lamin A/C silencing in naive hiPSCs. Data
are mean * SD, n =3, unpaired two-tailed Student’s t-test was used.

3.6.4 Comparison the transcriptome of Lmna KD CMs with the expression data from
LMNA-associated DCM patients

Since | observed differences upon lamin A/C depletion in mESCs or specifically in CMs, | next
compared the transcriptome of lamin A/C depletion specifically in CMs with the expression
data from patients with LMNA-associated DCM. Interestingly, GO analysis revealed a different
subset of overlapping genes (Fig. 45a, 45b), implying important distinct functions of lamin A/C
in both mESCs and CMs for proper cardiogenesis and cardiac function. Genes upregulated in
Lmna knockdown CMs and DCM patients were linked to intracellular signal transduction, JNK
activity and ER stress (Fig. 45b), in stark contrast to depletion of lamin A/C in mESCs. In line
with the transcriptomics analysis, genes involved in cell cycle were similarly downregulated
(Fig. 45b). Both cardiac structural and contraction genes and genes involved in cell cycle were
downregulated after silencing of lamin A/C in primed hiPSCs (Fig. 45c). Taken together, these
results on the one hand suggest that lamin A/C function in naive pluripotent stem cells contrib-
utes to the pathological phenotype resulting from lamin A/C depletion, and on the other hand
imply important distinct functions of lamin A/C in both mESCs and CMs for proper cardiogen-

esis and cardiac function.
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Figure 45. Comparison the transcriptome of Lmna KD CMs with the expression data from LMNA-associated
DCM hearts. a Overlap of differentially expressed genes in DCM patients with pathogenic LMNA mutations
(GSE120836 (Cheedipudi, Matkovich et al. 2019)) and mESCs-derived CMs after shRNA mediated Lmna knock-
down at the CM stage. b GO analysis of common upregulated (red) and downregulated (blue) genes are presented
in the middle and right panels. ¢ Relative mRNA expression of genes upregulated in both DCM patients with path-
ogenic LMNA mutations and Lmna-/- mESCs-derived CM in hiPSCs differentiated in cardiomyocytes after lamin
A/C silencing in primed hiPSCs. Data are mean = SD, n =3, unpaired two-tailed Student’s t-test was used.

3.7 Lmna deficiency results in non-compaction cardiomyopathy
3.7.1 Ectopic cardiac gene activation in vivo upon Lmna ablation

Next, | sought to corroborate my in vitro cell culture-based findings in vivo using Lmna+/+
(control), Lmna+/- and Lmna-/- mice (Kim and Zheng 2013). Expression analysis revealed sig-
nificant upregulation of CP and CM marker genes in dissected pharyngeal mesoderm and
hearts of E8.5 embryos as well as E9.5 hearts upon Lmna ablation consistent with my in vitro

cell culture-based studies (Fig. 46a, 46b).
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Figure 46. Ectopic cardiac gene activation in vivo upon Lmna ablation. a, b. gPCR analysis of dissected
pharyngeal mesoderm/ hearts of E8.5 wild-type (n=5), Lmna+/-(n=5) and Lmna-/- (n=5) embryos (a) as well as
dissected hearts of E9.5 wild-type (n=6), Lmna+/-(n=6) and Lmna-/- (n=6) embryos (b) for cardiac TFs and CM
structural and contraction genes. Data are represented as mean £ SD, One-way ANOVA comparisons were used.
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3.7.2 Lamin A/C tethers CM specific genes to the nuclear periphery in non-CMs

Since | observed dissociation of CMs genes from nuclear periphery to nuclear interior in lamin
A/C depleted mESCs. Next | examined the localization of cardiac genes in cardiomyocytes
and non-CMs isolated from E14.5 embryos. FISH analysis showed that CMs specific genes
were located in the nuclear interior of Lmna+/+ CMs and at the nuclear periphery in Lmna+/+
fibroblasts respectively suggesting dissociation of CMs gene from nuclear periphery is essen-
tial for CMs differentiation and heart development. Moreover, they were found in the nuclear
interior in both CMs and fibroblasts isolated from E14.5 Lmna+/- and Lmna-/- embryos, sup-
porting a role of lamin A/C in tethering CM specific genes to the nuclear periphery in non-CMs
(Fig.47a, 47b).
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Figure 47. Lamin A/C tethers CM specific genes to the nuclear periphery in non-CMs. a, b Representative
DNA FISH images of Ttn and Actcl gene loci in CMs (a, top) and fibroblasts (b, top) isolated from E14.5 embryos
and quantification of the distance of these loci to the nuclear periphery (bottom). Data are represented as mean + SD,
30-50 cells were quantified, One-way ANOVA comparisons were used. Scale bars, 4 um.

3.7.3 Increased ejection fraction and fractional shortening in Lmna+/- and Lmna-/- right

ventricle

Since | observed major changes in gene expression of cardiac TF and CM structural genes, |
next performed transthoracic echocardiography to check whether there are functional and mor-
phological changes in Lmna haploinsufficient and deficient mice. Echocardiography was per-
formed with the help of Olga Lityagina. Functional analysis revealed significantly increased
right ventricular ejection fraction and fractional shortening (RVEF and RVFS), an index of car-
diac contractility, as well as lower RV systolic diameter in Lmna+/- and Lmna-/- embryos while
the RV diastolic diameter was not different from the controls (Fig. 48a, 48b). In contrast, we

did not observe differences in LV function (Fig. 48b).
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Figure 48. E16.5 heart function analysis by echocardiograms. a Representative AM-mode echocardiograms
pictures of wild-type, Lmna+/- and Lmna-/- mice at E16.5. b Right and left ventricular ejection fraction (RVEF, LVEF),
right and left ventricular fractional shortening (RVFS, LVFS), RV and LV systolic diameter as well as RV diastolic
diameter assessed by echocardiography in wild-type, Lmna+/- and Lmna-/- embryos at E16.5. n=6 mice for each
group. Data are represented as mean + SD, One-way ANOVA comparisons were used.

3.7.4 Non-compaction hearts in both Lmna+/- and Lmna-/- embryos

Mutations of LMNA have been associated several types of cardiomyopathies. Previously stud-
ies showed that Lmna-/- mice develop dilated cardiomyopathy after birth, whether there is an
embryonic heart defects in Lmna+/- and Lmna-/- mice is not known yet. To this end, | collected
different stages of the embryonic heart of Lmna+/- and Lmna-/- mice and did H&E staining.
Although I didn’t observe a dilated heart phenotype during development, histological examina-
tion unveiled non-compaction of myocardium and excessive endocardium trabeculations in
both Lmna+/- and Lmna-/- RV of the E18.5 embryos, while only Lmna-/- embryos showed LV
non-compaction (Fig. 49a, 49b), indicating the noncompaction cardiomyopathy in Lmna+/- and
Lmna-/- embyos might be the earliest and primary phenotype. Endomucin staining for E18.5
hearts from wild-type, Lmna+/- and Lmna-/- embryos further confirmed the results from the
histological analysis (Fig. 49c).
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Figure 49. Non-compaction hearts in both Lmna+/- and Lmna-/- embryos. a H&E staining of representative
heart sections from E18.5 wild-type, Lmna+/- and Lmna-/- embryos. Magnified images of indicated right ventricle
(RV) and left ventricle (LV) regions are shown in the middle and right panel. b Endomucin staining of representative
heart sections from wild-type, Lmna+/- and Lmna-/- embryos. ¢ Quantification of RV and LV wall thickness (com-
pact myocardium) and trabecular layer thickness from E18.5 wild-type (n=6), Lmna+/- (n=6) and Lmna-/- (n=6)
hearts. Data are represented as mean + SD, One-way ANOVA comparisons were used.

3.7.5 Decreased CM proliferation in E18.5 Lmna+/- and Lmna-/- hearts

Insufficient cardiomyocytes proliferation and premature maturation in myocardium have been
linked to ventricular non-compaction pathology (Kodo, Ong et al. 2016, Finsterer, Stoellberger
et al. 2017). To test whether CM proliferation is effected in Lmna mutant hearts, | performed
immunostaining for the mitotic marker phosphorylated-histone H3 (pH3) in combination with
Troponin |, Indeed, | observed significant decrease in CM proliferation in E18.5 but not in E14.5
Lmna+/- and Lmna-/- hearts (Fig. 50a, 50b), suggesting the insufficient CM proliferation might

contribute to the non-compaction phenotype in Lmna+/- and Lmna-/- heart.
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Figure 50. Decreased CM proliferation in E18.5 Lmna+/- and Lmna-/- hearts. Immunostaining of heart sections
for the mitotic marker phospho-histone H3 (Ser10) (green), cardiac troponin | (cTnl, red) and nucleus (blue) (a) and
guantification of the percentage of mitotic right and left ventricle (RV and LV) cardiomyocytes in wild-type (n=6),
Lmna+/- (n=6) and Lmna-/- (n=6) mice at E18.5 (b). Data are represented as mean + SD, One-way ANOVA com-
parisons was used. Scale bars, 10 um.

3.7.6 Increased CMs binucleation in E18.5 Lmna+/- and Lmna-/- hearts

Embryonic cradiomyocytes are highly proliferative until birth. After birth there is a transition
from mononucleated to the mature binucleated phenotype. Mononucleated cells are prolifera-
tive, whereas binucleate cells exit the cell cycle and no longer proliferate. Thus, | next checked
whether there is an increase in CM binucleation upon Lmna LOF. Vybrant DyeCycle DNA dye
has been used to assess DNA content and ploidy of nuclei, and seperate mononucleated and
binucleated CMs when combining with the concept behind doublet discrimination (Windmueller,
Leach et al. 2020). FACS analysis of cells isolated from E18.5 hearts and stained with Vybrant
DyeCycle DNA dye after removing endothelial cells revealed increased number of binucleated
CMs in both Lmna+/- and Lmna-/- embryonic heart (Fig. 51a, 51¢). Immunofluorescence
staining of E18.5 CMs cultured for 12h after isolation with DAPI and Troponin | further con-
firmed precocious binucleation of Lmna mutant CMs (Fig. 51b, 51d), suggesting that preco-
cious CM differentiation leads to premature binucleation and CM cell cycle withdrawal during
fetal development.
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Figure 51. Increased CMs binucleation in E18.5 Lmna+/- and Lmna-/- hearts. a, ¢ Representative FACS plots
of cells isolated from E18.5 hearts and stained with Vybrant DyeCycle DNA dye (a) after removing endothelial cells,
the % of binucleated CMs was determined (c). Data are represented as mean + SD, n=6 for each genotype, One-
way ANOVA comparisons were used. b, d Immunofluorescence staining of E18.5 CMs cultured for 12h after isola-
tion with cTnl (red) and DAPI (blue) (b) and quantification of binucleated CMs (d).

3.7.7 Decreased capillary density in E18.5 Lmna+/- and Lmna-/- hearts

Since | observed abberrent cardiovascular cell fate choices and decreased number of ECs
upon Lmna loss in vitro. | next analyzed EC in heart sections by immunofluorescence staining
with isolectin B4 (IB4, blood vessels, green) and wheat germ agglutinin (WGA, CMs, red).

Consistent with the decreased number of ECs upon lamin A/C depletion observed in our in
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vitro system, | found significantly decreased capillary density in hearts from both Lmna+/- and
Lmna-/- E18.5 embryos (Fig. 52a, 52b).
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Figure 52. Decreased capillary density in E18.5 Lmna+/- and Lmna-/- hearts. a Immunofluorescence staining
of E18.5 heart sections with isolectin B4 (IB4, blood vessels, green), wheat germ agglutinin (WGA, CMs, red) to-
gether with DAPI (blue) at E18.5, Scale bars, 10 um. b Quantification of the capillaries/CM ratio in wild-type (n=6),
Lmna+/- (n=6) and Lmna-/- (n=6) E18.5 embryos. Data are represented as mean + SD, One-way ANOVA compar-
isons were used.

3.7.8 Echocardiographic analysis of P1 heart function

Since | observed a non-compaction with preserved ejection fraction phenotype during early
heart development of Lmna mutant mice, | next checked the postnatal stage in which Lmna
mice have been shown to develop DCM phenotype. At birth, Lmna+/- and Lmna-/- mice were
indistinguishable from their control littler mates, but a week later there was a clear difference
in size and body weight of Lmna-/- mice (Fig. 53a). Lmna+/- and Lmna-/- neonatal mice
showed increased RVEF, while LVEF was increased only in Lmna-/- mice (Fig.53c, 53d), con-
sistent with the more pronounced defects observed in the RV during embryogenesis. At P1 we
observed significant right ventricular dilatation in Lmna+/- and Lmna-/- mice with no signs of
pulmonary arterial hypertension (PAH) or pulmonary congestion (Fig. 53b, 53c). The left ven-
tricular posterior wall thickness at end-diastole (LVPW:d) was also significantly increased in
both Lmna+/- and Lmna-/- mice, whereas left ventricle (LV) ejection fraction (EF) and LV frac-
tional shortening (FS) was significantly increased only in Lmna-/- mice (Fig. 53d).
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Figure 53. Echocardiographic analysis of P1 heart function. a Body weight at the indicated days after birth. n=6
mice for each group. b Quantification of the heart weight/body weight (HW/BW) in wild-type (n=23), Lmna+/- (n=21)
and Lmna-/- (n=8) mice and lung weight/body weight (LW/BW) ratio of Lmna+/+ (n=6), Lmna+/- (n=18) and Lmna-
/- (n=7) mice at P1. c Representative examples of B-mode and LV M-mode echocardiograms of wild-type, Lmna+/-
and Lmna-/- mice at P1. Echocardiography was performed with the help of Felix A. Trogisch. d Left and right ven-
tricular end-diastolic area (LVEDA;d and RVEDA;d), left ventricle posterior wall thickness (LVPW;d), left and right
ventricular fractional shortening (RVFS and LVFS), ejection fraction (RVEF and LVEF) and pulmonary acceleration
time/ pulmonary ejection time (PAT/PET) ratio assessed by echocardiography in wild-type (n=6), Lmna+/- (n=6)
and Lmna-/- (n=6) mice at P1. Data are represented as mean + SD, One-way ANOVA comparisons were used.

3.7.9 Echocardiographic analysis of P14 heart function
In sharp contrast, two weeks after birth the HW/BW was strongly decreased in Lmna-/- mice

and LVEF, LVFS and LVPW:d were reduced, while left ventricular end-diastolic area (LVEDA)

was increased (Fig. 54a-54c).
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Figure 54. Echocardiographic analysis of P14 heart function. a Representative example of B-mode and LV M-
mode echocardiograms of wild-type, Lmna+/- and Lmna-/- mice at P14. b Quantification of the heart weight/body
weight (HW/BW) and lung weight/body weight (LW/BW) ratio of Lmna+/+ (n=6), Lmna+/- (n=6) and Lmna-/- (n=6)
mice at P1.c Echocardiography was performed with the help of Felix A. Trogisch. Left and right ventricular end-
diastolic area (LVEDA;d and RVEDA;d), left ventricle posterior wall thickness (LVPW;d), left and right ventricular
fractional shortening (RVFS and LVFS), ejection fraction (RVEF and LVEF) and pulmonary acceleration time/ pul-
monary ejection time (PAT/PET) ratio assessed by echocardiography in wild-type (n=6), Lmna+/- (n=6) and Lmna-
/- (n=6) mice at P14. Data are represented as mean + SD, One-way ANOVA comparisons were used.

3.7.10 Decreased capillary density in postnatal hearts

Similar to the embryonic hearts, | observed a decrease in capillary density in hearts from both
Lmna+/- and Lmna-/- mice also at P1 (Fig. 55a). Furthermore, Immunofluorescence staining
of heart sections for isolectin B4 (1B4, blood vessels), wheat germ ag-glutinin (WGA, CMs)
revealed that lamin A/C-deficient CMs showed reduced size in cross sections (Fig. 55a). Sim-

ilar differences were also observed at P4 and P14 (Fig. 55b, 55c).
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Figure 55. Decreased capillary density in postnatal hearts. a Immunofluorescence staining of heart sections for
isolectin B4 (IB4, blood vessels), wheat germ agglutinin (WGA, CMs) together with DAPI at P1. Scale bars, 10 pm.
Quantification of the capillaries/CM ratio and the cardiomyocyte cross-sectional area in wild-type (n=6), Lmna+/-
(n=6) and Lmna-/- (n=6) mice at P1. Data are represented as mean + SD, One-way ANOVA comparisons were
used. b Immunofluorescence staining of heart sections for isolectin B4 (1B4, blood vessels), wheat germ agglutinin
(WGA, CMs) together with DAPI at P4. Scale bars, 10 um. Quantification of the capillaries/CM ratio and the cardi-
omyocyte cross-sectional area in wild-type (n=3), Lmna+/- (n=3) and Lmna-/- (n=3) mice at P4. ¢ Immunofluores-
cence staining of heart sections for isolectin B4 (IB4, blood vessels), wheat germ agglutinin (WGA, CMs) together
with DAPI at P14. Scale bars, 10 um. Quantification of the capillaries/CM ratio and the cardiomyocyte cross-sec-
tional area in wild-type (n=6), Lmna+/- (n=6) and Lmna-/- (n=6) mice at P14. Data are represented as mean + SD,
One-way ANOVA comparisons were used.

3.7.11 Decreased CM proliferation in P1 and P4 Lmna+/- and Lmna-/- hearts

I next checked CMs proliferation in postnatal heart of Lmna mutant mice. Immunostaining for
the mitotic marker phosphorylated-histone H3 (pH3) as well as the cytokinesis marker Aurora
B in combination with Troponin | revealed significant decrease in CM proliferation at both P1
and P4 (Fig. 56a-56c¢), similar to the decreased CM proliferation observed in E18.5 embryonic
hearts.
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Figure 56. Decreased CM proliferation in P1 and P4 Lmna+/- and Lmna-/- hearts. a Immunostaining of heart
sections for the mitotic marker phospho-histone H3 (Ser10) (green), cardiac troponin | (red) and nucleus (blue) and
guantification of the percentage of mitotic right and left ventricle (RV and LV) cardiomyocytes, in wild-type (n=6),
Lmna+/- (n=6) and Lmna-/- (n=6) mice at P1. Scale bars, 10 pm. b Immunofluorescent staining of heart sections
for aurora B kinase (green), cardiac troponin | (red) and nucleus (DAPI, blue) at P1 and quantification of the per-
centage of CMs in cytokinesis at P1. Scale bars, 10 um. n=6 mice for each group. ¢ Immunostaining of RV and LV
heart sections for phospho-histone H3 (pH3) (green), cardiac troponin | (red) and nucleus (DAPI, blue) at P4 and
guantification of the percentage of mitotic RV and LV cardiomyocytes at P4. n=3 mice for each group. Scale bars,
10 um. Data are presented as mean + SD; One-way ANOVA with Tukey correction (a-b) and Kruskal-Wallis Test
with Dunn’s correction (c) comparisons were used; P-values are as follows: ***p <0.001, **p <0.01, *p <0.05.
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3.8 Premature binucleation, altered contractility and increased cell death of Lmna-/-
CMs

3.8.1 Precocious of Lmna+/- and Lmna-/- CMs binucleation

To study the effect of lamin A/C deficiency on CM function in more detail | utilized CMs isolated
from P1 wild-type, Lmna+/- and Lmna-/- mice. A high percentage of Lmna+/- and Lmna-/- CMs
were already binucleated at P1 similar to E18.5 hearts suggesting precocious CM binucleation
in Lmna+/- and Lmna-/- CMs (Fig. 57a, 57c). Significant increased CMs binucleation was also
observed in lamin A/C-deficient mESC-CMs (Fig. 57b, 57d).
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Figure 57. Precocious of Lmna+/- and Lmna-/- CMs binucleationa. a, c Representative immunostaining of car-
diomyocytes isolated from Lmna+/+ (n=6), Lmna+/- (n=15) and Lmna-/- (n=8) mice at P1 for lamin A/C (green),
cardiac troponin | (red) and nucleus (DAPI, blue) (a) and quantification of binucleated CMs (c). b, d Immunofluo-
rescent staining of FACS-sorted Nkx2-5+ CMs from d10 EBs for lamin A/C (green), cardiac troponin | (red) and
DAPI (blue) and quantification of d10 and d14 binucleated CMs.

3.8.2 DNA damge in Lmna+/- and Lmna-/- CMs

Since lamin A/C protects the nuclear from DNA damage, | next analysed whether lamin A/C
LOF results in increased DNA damage in CMs by immunostaining for the marker of DNA dou-
ble-strand breaks (DSBs) yH2AX. | observed a significantly higher percentage of y-H2AX pos-
itive CMs isolated from Lmna+/- and Lmna-/- mice at P1 (Fig. 58a, 58d). Similar results were
also observed in lamin A/C-deficient mMESC-CMs (Fig. 58b, 58c) suggesting precocious CM

binucleation and increased DNA damage-induced cell death in Lmna+/- and Lmna-/- CMs.
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Figure 58. DNA damge in Lmna+/- and Lmna-/- CMs. a, d Representative immunofluorescence images of iso-
lated cardiomyocytes from Lmna+/+ (n=6), Lmna+/- (n=15) and Lmna-/- (n=8) mice at P1 for the marker of DNA
double-strand breaks (DSBs) yH2AX (green), cardiac troponin | (red) and nucleus (DAPI, blue) at P1 (a) and quan-
tification of yH2AX positive CMs (d). b, ¢ Immunostaining of FACS-sorted Nkx2-5+ cardiomyocytes from d10 EBs
for yH2AX (green), cardiac troponin | (red) and DAPI (blue) (b) and quantification of yH2AX positive CMs (c).

3.8.3 Proarrhythmic beating in Lmna-/- CMs

Since | observed many Ca?* channels to be deregulated in Lmna-/- CM, | analyzed the intra-
cellular Ca?*-handling properties of wild-type, Lmna+/- and Lmna-/- CMs isolated from P1 mice.
Although wild-type and most of Lmna+/- CMs showed uniform Ca?* transients, the peak height
was significantly increased in Lmna+/- CMs and the time to peak was shorter (Fig. 59a,59b),
suggesting more rapid release of Ca?* from sarcoplasmic reticulum stores, consistent with the
increased levels of Ryr2. In contrast, 65% of Lmna-/- CMs showed highly abnormal proarrhyth-
mic Ca®* transients (Fig. 59c¢). Similar functional alterations were observed in Lmna-/- mESC-
derived CMs, which showed arrhythmic contractions (Fig. 59d, 59e). Interestingly, 68% of
lamin A/C depleted mouse neonatal CMs showed abnormal proarrhythmic Ca2+ transients,
consistent with the role of lamin A/C in regulating chromatin conformation of genes involved in
Ca2+ homeostasis in both mESCs and CMs (Fig. 59f-59h)
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Figure 59. Proarrhythmic beating in Lmna-/- CMs. a Representative Ca2+ transients traces recorded using fura-
2-labeled P1 Lmna+/+, Lmna+/- and Lmna-/- CMs. The ratio of the fura-2 AM signal excited at 340 nm and 380 nm
(F340/F380) is shown. All traces were recorded for 20 s. b Peak height, time to peak 50% and time to baseline 50%
of Ca2+ traces of Lmna+/+, Lmna+/- and Lmna-/- CMs isolated from P1 mice. Data are represented as mean + SD,
n=35-60 cells from 3 independent CM isolations, one-way ANOVA comparisons were used. ¢ Quantification of the
percentage of CMs exhibiting pro-arrhythmic Ca2+ waves. d, e Plot of contraction amplitude and speed in sponta-
neously beating CMs at d10 extracted from image sequences using MUSCLEMOTION and quantification of proar-
rythmic beating. f Representative Ca?* transients traces of neonatal CMs after Lmna knockdown. The ratio of the
fura-2 AM signal excited at 340 nm and 380 nm (F340/F380) is presented. All traces were recorded for 20 s. g Peak
height, time to peak 50 % and time to baseline 50 % of Ca?* traces of isolated neonatal cardiomyocytes after Lmna
knockdown by shRNA. h Quantification of the percentage of CMs exhibiting proarrhythmic Ca?* waves (red). 40-50
cells were quantified for each group.

3.8.4 Loss of Lmna leads to CMs specific cell death

Initially, the contraction amplitude of Lmna-/- mESC-derived CMs was much higher than con-
trol CMs but decreased with time. Since | observed many dead cells in vitro CM cultures, | next
analyzed cell death with Annexin V/7-AAD staining. FACS analysis revealed a dramatic in-
crease of apoptotic and dead Lmna-/- CMs in comparison to control CMs (Fig. 60a). The in-

creased cell death was specific for lamin A/C-deficient CMs, because the non-CM population
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lacking lamin A/C as well as lamin A/C-deficient mESCs did not show increased cell death (Fig.
60b).To test whether the mechanical forces on which CMs are constantly subjected are re-
sponsible for the increased cell death, | next stretched non-CM for 15 min at 15%. Intriguingly,
mechanical stretch of Lmna+/+ and Lmna-/- non-CMs resulted in dramatic increase of y-H2AX
in Lmna-/- compared to control cells, suggesting that the increased cell death in Lmna-/- CMs
might be due to the inability of lamin A/C-deficient cells to respond adequately to mechanical
stress (Fig. 60c). Directly after birth CMs are exposed to high oxygen levels resulting in cell
cycle withdraw. To test whether Lmna deficient cells respond to oxidative stress, | treated
mMESC with H,O, and allowed the cells to recover in fresh medium for 4h and 8h. | observed
dramatic increase of y-H2AX and defects in DNA damage repair in Lmna-/- compared to con-
trol cells, suggesting that the premature cell cycle withdrawal and increased cell death in Lmna-
/- CMs might be also due to the inability of lamin A/C-deficient cells to respond adequately to

oxidative stress during early postnatal life (Fig. 60d) (Puente, Kimura et al. 2014).
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Figure 60. Loss of Lmna leads to CMs specific cell death. a Representative FACS analysis of CMs and non-
CMs (n=3) in d10 EBs stained with Annexin V-APC and 7-AAD, showing an increase of early-stage apoptotic cells
(Annexin V positive; 7-AAD negative), late-stage apoptotic cells (Annexin V positive; 7-AAD positive) and dead cells
(7-AAD positive) in Lmna-/- CMs. b Representative FACS analysis of mESCs stained with Annexin V-APC and 7-
AAD. c Immunostaining for yH2AX (red) and DAPI (blue) of Lmna+/+ and Lmna-/- mESCs subjected to mechanical
stretch (15% elongation). d Western blot analysis for yH2AX of extracts from Lmna+/+ and Lmna-/- mESCs either

not treated (w/o) or treated with H202 (Oh) and allowed to recover in fresh medium for 4h and 8h. Scale bars, 10
pm.

3.9 Gata4 activation upon Lmna loss leads to aberrant cardiac development
3.9.1 Transient knockdown of Gata4 in Lmna-/- mESC rescues Lmna-/- phenotype

My results showed a significant upregulation of key cardiac TFs such as Gata4 and significant
enrichment of Gata4 motifs at genes showing increase in chromatin accessibility upon lamin
A/C loss. To investigate whether Gata4 upregulation might be responsible for aberrant cardio-
vascular cell fate choices and precocious CM differentiation upon lamin A/C loss, | decreased
Gata4 levels by siRNA mediated Gata4 silencing to transiently downregulate Gata4 in mESCs
shortly before differentiation (Fig. 61a, 61b). | observed pronounced rescue of the Lmna-/-
phenotype, i.e. a significant decrease of key cardiac TFs and reduced expression of CM

marker genes as well as cardiomyocytes numbers (Fig. 61b-61d).
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Figure 61. Rescue Lmna-/- phenotype by transient knockdown of Gata4 in Lmna-/- mESC. a Relative Gata4
mMRNA expression in Lmna+/+ and Lmna-/- ESCs and CPs (n=6). b Relative mRNA expression of Gata4 in mESCs
(left), cardiac progenitor marker genes in day 6 EBs (CP stage, middle), and cardiomyocyte marker genes in day
10 EBs (CM stage, right) after transient knockdown of Gata4 by siRNA at the mESC stage. Data are represented
as mean = SD, n=4, one-way ANOVA comparisons were used. ¢ Representative FACS plots of cTnT+ CMs meas-
ured in day 10 EBs differentiated after transient knockdown of Gata4 by siRNA in ESCs. d Percentage of cTnT+
CMs measured by flow cytometry at day 10 of differentiation after transient knockdown of Gata4 by siRNA in mESCs.
Data are represented as mean = SD, n=3, One-way ANOVA comparisons were used.

3.9.2 Rescue Lmna-/- phenotype by stable knockdown of Gata4 in Lmna-/- mESC

To further confirm Gata4 upregulation might be responsible for aberrant cardiovascular cell
fate choices, | generated Gata4 shRNA mediated stable knockdown mESC cell lline by care-
fully titration to reduce Gata4 expression back to control levels in CPs (Fig. 62). Similar to
transient knockdown Gata4 at mESC stage, stable knockdown Gata4 during cardiomyocytes
differentiation significantly rescued the precious cardiomyocytes differentiation upon Lmna loss
(Fig. 62).
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Figure 62. Rescue Lmna-/- phenotype by stable knockdown of Gata4 in Lmna-/- mESC. Relative mRNA ex-
pression of Gata4 in mESCs (left), cardiac progenitor marker genes in d6 EBs (CP stage, middle), and CM marker
genes in day 10 EBs (CM stage, right) after stable knockdown of Gata4 by shRNA in mESCs. Data are represented
as mean + SD, n=4, one-way ANOVA comparisons were used.
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3.9.3 Rescue Lmna-/- phenotype by ablation of one Gata4 allele in Lmna-/- mESC

Lastly, | generated Gata4+/-Lmna-/- mESC cell line by ablation of one Gata4 allele to reduce
its expression (Fig. 63a). | detected a significant decrease of CM numbers and an increase of
ECs in differentiating Gata4-depleted Lmna-/- mESCs compared to Lmna-/- mESCs (Fig. 63b-
63d), demonstrating that decreasing Gata4 levels rescues the aberrant cardiovascular choices
and premature CM differentiation observed upon lamin A/C ablation. These data are consistent
with a previous study showing that GATA4 promotes CM and represses the alternative endo-
thelial/endocardial gene expression (Ang, Rivas et al. 2016).
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Figure 63. Rescue Lmna-/- phenotype by ablation of one Gata4 allele in Lmna-/- mESC. a Schematic diagram
of Gata4+/- mESC generation by CRISPR/Cas9-mediated gene editing. b Relative mRNA expression of CM (Mic2a,
Mic2v, and Tnnt2) and EC (Pecaml and Flk1) marker genes in day 10 EBs. Data are represented as mean + SD,
n=4, one-way ANOVA comparisons were used. ¢ Percentage of cTnT+ CMs and Pecam1+ ECs measured by flow
cytometry at day 10. Data are represented as mean + SD, n=3, one-way ANOVA comparisons were used. d Rep-
resentative FACS plots of cTnT+ CMs and Pecam1+ ECs in d10 EBs.

3.9.4 Ablation of one Gata4 allele rescues Lmna+/- and Lmna-/- mice capillary density

I next corroborated my findings in vivo using CMV-Cre mediated germline Gata4 ablation, to
delete one functional Gata4 allele in wild-type, Lmna+/- and Lmna-/- mice. Indeed, Gata4+/-
Lmna-/- P1 mice had similar heart weight/body weight (HW/BW) to wild-type mice in contrast
to Gata4+/+Lmna-/- P1 mice that showed significantly higher HW/BW (Fig. 64a). Moreover, |
observed a pronounced rescue of the decreased capillary density in hearts from both Gata4+/-

Lmna+t/- and Gata4+/-Lmna-/- compared to Lmna+/- and Lmna-/- (Fig. 64b). In contrast, CMs
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size in cross sections did not change (Fig. 64c), suggesting Gata4 is responsible for the de-

creased EC number but not for decreased CM size in Lmna mutant mice.
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Figure 64. Ablation of one Gata4 allele rescues Lmna+/- and Lmna-/- mice capillary density. a Heart weight
to body weight ratio (HW/BW) of Lmna+/+ (n=11), Lmna+/- (n=10), Lmna-/- (n=7), Gata4+/- (n=9), Lmna+/-Gata4+/-
(n=6) and Lmna-/-Gata4+/- (n=6) mice at P1. b Immunofluorescence staining of heart sections for isolectin B4 (1B4,
blood vessels), wheat germ agglutinin (WGA, CMs) together with DAPI at P1. Scale bars, 10 um. ¢ Quantification
of the capillaries/CM ratio. d Quantification of CM cross-sectional area in P1 mouse hearts with the indicated gen-
otypes (n=6). Data are represented as mean + SD, n=6 mice for each group, one-way ANOVA comparisons were
used.

3.9.5 Ablation of one Gata4 allele rescues Lmna+/- and Lmna-/- CMs proliferation in vivo

Since the premature CM differentiation and binucleation resulted in CM cell cycle withdraw, |
next studied whether deletion of one Gata4 allele is sufficient to rescue the CM proliferation of
Lmna mutant CMs and dcrease CM binucleation. Indeed, | observed a rescue of the reduced
CMs proliferation and precocious CMs binucleation in Gata4+/-Lmna-/- compared to Lmna-/-

mice (Fig. 65a-65c), supporting a key role of Gata4 upregulation in cardiac laminopathies.
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Figure 65. Ablation of one Gata4 allele rescues Lmna+/- and Lmna-/- CMs proliferation in vivo. a-b Im-
munostaining of heart sections for the mitotic marker phospho-histone H3 (Ser10) (green), cardiac troponin | (red)
and nucleus (DAPI, blue) at P1 (left) and quantification of the percentage of mitotic RV and LV cardiomyocytes at
P1 (right). ¢ Immunostaining of heart sections with wheat germ agglutinin (WGA, red) and DAPI (nucleus, blue).
Binucleated cardiomyocytes are indicated with arrows. Scale bars, 10um.Data are represented as mean + SD, n=6
mice for each group 4, one-way ANOVA comparisons were used. Scale bars, 10 pm.

3.10 Working Model: key function of lamin A/C in naive pluripotent stem cells for car-
diac development and disease
Mutations of LMNA are associated with dilated cardiomyopathy and several pathogenic LMNA
variants have also been identified linked with left ventricular non-compaction cardiomyopathy.
Molecular mechanisms underlying the origin and development of the pathology are poorly un-
derstood. Here | show that lamin A/C plays a key role in chromatin organization in embryonic
stem cells (ESCs), which safeguards naive pluripotency and ensures proper cell fate choices
during cardiogenesis. | report changes in chromatin compaction and localization of cardiac
genes in Lmna-/- ESCs resulting in precocious activation of a transcriptional program promot-
ing cardiomyocyte versus endothelial cell fate. This is accompanied by premature cardiomyo-
cyte differentiation, binucleation, cell cycle withdrawal and abnormal contractility. Importantly,
| found early embryonic heart defects upon Lmna LOF, pointing to a primary and developmen-
tal origin of the non-compaction cardiomyopathy as a result of Lmna LOF. Gata4 is activated
by lamin A/C loss and Gata4 silencing or haploinsufficiency rescues the aberrant cardiovascu-

lar cell fate choices induced by lamin A/C deficiency. In addition, | uncover divergent functions
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of lamin A/C in naive pluripotent stem cells and cardiomyocytes, which have distinct contribu-
tions to the transcriptional alterations of patients with LMNA-associated cardiomyopathy. | con-
clude that disruption of lamin A/C-dependent chromatin architecture in ESCs is a primary event
in LMNA loss-of-function cardiomyopathy.
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Figure 66. Key function of lamin A/C in naive pluripotent stem cells for cardiac development and disease.
In naive pluripotent stem cells, lamin A/C tethers cardiac-specific genes and genes involved in stem cell differenti-
ation to the repressive nuclear periphery. Lamin A/C loss leads to their dissociation from the nuclear lamina accom-
panied by major chromatin reorganization resulting in either ectopic expression in mESCs (e.g. Gata4, Myl4) or
epigenetic priming for activation later in development. These changes lead to precocious activation of a gene ex-
pression program promoting cardiomyocyte versus endothelial cell fate, accompanied by premature cardiomyocyte
differentiation, cell cycle withdrawal and abnormal contractility, which is dependent on Gata4.
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4 DISCUSSION
4.1 LaminA/C plays a key role in alternative cardiovascular cell fate choices

Tight control of cell fate choices is crucial for normal development. Investigations have shown
that nucelar lamina play a key role in gene repression and chromatin-nuclear lamina dynamics
determine cellular identity by “locking” or “unlocking” genes at the nuclear periphery (Peric-
Hupkes, Meuleman et al. 2010). Although most LADs seem to be conserved between cell
types, a protion of chromatin nuclear lamina interactions only exist in certain cell types (Peric-
Hupkes, Meuleman et al. 2010, Meuleman, Peric-Hupkes et al. 2013). For example, during
mouse embryonic stem cell (ESC) differentiation into astrocytes (ACs), LADs which are specifc
to astrocytes are reorganized. This reorganization, on one hand, facilitates the detachment of
the ACs genes from the ESCs LADs and involves ACs gene activation. On the other, a sub-
stantial number of genes are not immediately activated upon detachment from the nuclear
lamina but rather become unlocked for activation at a later stage (Peric-Hupkes, Meuleman et
al. 2010). During adipocytes differentiation, proadipogenic gene promoters are released from
lamin A/C after differentiation into adipocytes, whereas many nonadipogenic, lineage-specific
promoters retain lamin association (Lund, Oldenburg et al. 2013). In addition, release of lamin
A/C from genes directly involved in glycolysis concurs with their transcriptional up-regulation
after adipogenic induction, and with downstream elevations in H2BS112GIcNAc levels and O-
GIcNAc cycling (Rgnningen, Shah et al. 2015). Intriguingly, similar mechanism also occurs
during cardiomyocytes differentiation. Hdac3 directly represses cardiac differentiation through
tethering of cardiomyocyte genes to the nuclear lamina. Loss of Hdac3 in cardiac progenitor
cells releases genomic regions from the nuclear periphery, leading to precocious cardiac gene
expression and differentiation (Poleshko, Shah et al. 2017). Thus, dysregulated gene expres-
sion causing by genomic reorganization of LADs in cardiomyocytes has emerged as a plausi-

ble mechanism.

My work revealed that lamin A/C play a key role of in keeping CM lineage-specific genes in
naive pluripotent stem cells silent, thus preventing epigenetic priming and aberrant cardiovas-
cular cell fate choices during development. Loss of lamin A/C promoted CM and repressed EC
fate, as a result of activation of the key cardiac TF Gata4 and precocious induction of a CM-
specific gene expression program, as | demonstrated in my PhD thesis using a combination of

in vitro and in vivo model systems (Wang, Elsherbiny et al. 2022, Wang and Dobreva 2023).

In contrast to lamin A/C deficiency, ESC lines harboring the Lmna p.H222P mutation, causing
Emery-Dreifuss muscular dystrophy and cardiomyopathy (Arimura, Helbling-Leclerc et al.
2005), showed different differentiation behaviour (Guenantin, Jebeniani et al. 2021). Signifi-

cantly decreased expression of cardiac mesoderm marker Mespl, as well as cardiomyocytes

111



Discussion

marker were observed in Lmna H222P/+ mESC lines (Guenantin, Jebeniani et al. 2021), sug-
gesting that the molecular mechanisms resulting in heart disease as a result of distinct point
mutation in the Lmna gene are different. Interestingly, patients harbouring distinct mutations in
LMNA can develop a number of different tissue-specific syndromes collectively termed lam-
inopathies, such as cardiomyopathy, muscular dystrophy, lipodystrophy syndromes, aging dis-
orders and peripheral nerve disorders. How specific pathogenic LMNA mutations results in
alternative fate choices and tissue-specific phenotypes would also be instresting for further

study.

The nuclear lamina consists of two separate classes of lamins, A-type and B-type lamins. In
contrast to lamin A/C deficiency or mutation, ablation of lamin B1 in mESCs did not largely
affect CM differentiation, suggesting that lamin A/C rather than lamin B1 plays a key role in
cardiac lineage restriction. Functionally, A-type and B-type lamins form distinct meshworks
(Shimi, Pfleghaar et al. 2008) and while lamins B1 and B2 are localized at the periphery and
associate mainly with transcriptionally inactive chromatin (Reddy, Zullo et al. 2008, Wen, Wu
et al. 2009), lamins A and C are found at the nuclear periphery and in the nuclear interior and
associate with both hetero- and euchromatin (Gesson, Rescheneder et al. 2016). However,
the loss of A-type lamins results in alterations in B-type meshworks and vice versa, suggesting
that their activity might be interconnected. In mESCs, 92% of lamin B1 LADs overlapped with
lamin A LADs, whereas a large number of LADs were specific for lamin A/C. Located within
LADs specifically associated with lamin A/C were genes for cardiac pioneer TFs, such as
Gata4, Gata6 and Isl1 (Cirillo and Zaret 1999, Gao, Liang et al. 2019), which might explain
why lamin A/C deficiency results in major defects in cardiovascular differentiation and function,

whereas lamin B1 deletion does not show major effect.

4.2 3D chromatin reorganization upon Lmna loss

In the last years, several studies modeling LMNA cardiomyopathies in vitro using induced plu-
ripotent stem cell (iPSCs)-derived CMs revealed that lamin A/C-mediated 3D chromatin archi-
tecture play an important role in cardiomyopathies. Using ATAC-seq, Lee et al. showed that
K117fs mutant iPSC derived cardiomyocytes exhibit an increased open chromatin at gene
promotors resided in lamin A/C LADs (Lee, Termglinchan et al. 2019). However, analysis of
the 3D genome organization by Hi-C in R225x mutant CMs of another LMNA haploinsufficient
model, which also showed contractile alterations (Bertero, Fields et al. 2019), did not detect
pronounced changes in chromatin compartmentalization into open and closed states that could

explain the altered transcriptional activity.

In my study, | performed both ATAC-seq and Hi-C and | observed a widespread increase in

chromatin accessibility across the genome, as well as at genes upregulated upon lamin A/C
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loss already in pluripotent stem cells. In contrast, there was little change in chromatin accessi-
bility for downregulated genes. Intersection of the ATAC-Seq and RNA-Seq analysis revealed
that more than half of the genes upregulated upon lamin A/C loss in ESCs showed increased
chromatin accessibility. Moreover, Intersection of the ATAC-Seq with lamin A/C DamID shows
38.8% of the increased chromatin accessibility genes are within lamin A/C LADs. Moreover,
3D FISH experiments showed that the cardiac genes within lamin A/C LADs such as Gata4,
Isl1, Mef2C and Ttn, relocalize from the repressive nuclear periphery to the active nulcear
interior upon lamin A/C loss, suggesting loss of lamin A/C may affect the chromosome territo-
ries. Interestingly, | observed a shift of CM-specific genes from the nuclear periphery to the
active nuclear interior for genes found specifically in lamin A LADs as well as for genes found
in lamin A/B1 LADs, whereas Kcngl, which is not found in LADs, was not affected, suggesting

a role of lamin A/C in tethering cardiac genes to the repressive nuclear periphery in mESCs.

Consist with 3D FISH results, Hi-C analysis revealed around 8% of the chromatin compart-
ments switched from B to A and vice versa as a result of lamin A/C depletion. GO analysis of
genes located in inactive B compartments that transitioned to active A compartments in Lmna-
/- mESCs were enriched for GO terms linked to calcium ion transmembrane transport, chro-
matin organization, muscle cell differentiation and relaxation of cardiac muscle, including
genes such as Myl4, Atp2a3, Ryr2, Camk2d, etc.. Active chromatin compartments that transi-
tioned to an inactive state were enriched for genes linked to protein phosphorylation, nervous
system development, cell migration and adhesion. Chr. 14 showed the most changes with
around 13% active to inactive or vice versa transitions, consistent with the large scale chroma-

tin decompaction at this chromosome.

Further, | observed two modes of lamin A/C-mediated transcriptional control. First, lamin A/C
keeps key genes involved in cell differentiation and cardiac morphogenesis silent, such as
Gata4 and Gata6, Bmps, Fgf10, Wnts, Myl4, etc. Upon lamin A/C depletion these genes are
transcriptionally activated as a result of major changes in chromatin localization and organiza-
tion. Second, lamin A/C restricts transcriptional permissiveness of chromatin at genes involved
in cardiac morphogenesis and function, such as Mef2c, Ryr2, Mybpc3, Lmod2, Nebl, Adrb2,
etc. Ablation of lamin A/C results in major changes of chromatin localization and structure at
these genes resulting in chromatin opening, which, however, is not sufficient to elicit gene
activation in ESCs. During cardiac differentiation these epigenetically primed genomic loci are
easily accessible to cardiac TFs (e.g. Gata4/6, Hand2, Meis1, Foxol, etc.), resulting in preco-
cious activation of a gene expression program promoting CM versus EC fate, accompanied by

premature CM maturation, binucleation, cell cycle withdrawal and abnormal contractility.
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4.3 Role of pioneer transcription factors during cardiac development

In my study, | found lamin A/C depletion leads to singnificantly increased expression of pioneer
cardiac transcription factors (TFs) both in vitro and in vivo. In line with the cell-culture-based
phenotype, Lmna-deficient and haploinsufficient embryos showed increased expression of pi-
oneer cardiac TFs such as Gata4, isl1 (Takeuchi and Bruneau 2009, Gao, Liang et al. 2019),
during early cardiogenesis, increased expression of CM-specific structural and contraction
genes, hypercontractility as well as precocious binucleation, decreased proliferation and non-

compaction cardiomyopathy.

Gata4 represents a classical example of a pioneer factor, as it can efficiently bind to its target
sequences on nucleosomal DNA (Cirillo and Zaret 1999). Overexpression of Gata4, Thx5 and
the cardiac-specific component of the Brgl chromatin complex Baf60c reprogramed somatic
into cardiac mesoderm (Takeuchi and Bruneau 2009), and combined expression of Gata4,
Thx5 and Mef2c reprogrammed fibroblasts to a CM-like cell fate (leda, Fu et al. 2010). Fur-
thermore, GATA4 has been shown to be a critical regulator of cardiac versus EC fate of cardi-
ovascular progenitors (Ang, Rivas et al. 2016) and Gata4 silencing rescued the aberrant car-
diovascular cell fate and differentiation of Lmna-/- mESCs both in vitro and in vivo, supporting
a key role of Gata4 upregulation for cardiac laminopathies. Interestingly, overexpression of
Gata4 in mESCs in serum containing medium promoted endoderm but not cardiac mesoderm
fate, however overexpressing of any of the cardiac Gata factors expressed (Gata4/5/6)
(Molkentin 2000) in serum-free conditions efficiently directed cardiac fate(Turbendian, Gordillo
et al. 2013), suggesting that growth factor signaling might play an important role in controlling
Gata TF functions in cardiogenesis. Thus, the activation of Bmps, Fgf10 or Wnts in lamin A/C-
deficient mESCs together with Gata6 activation might contribute to the precocious activation
of the cardiac gene program, which together with premature binding of Meis1 to chromatin can

cause an early cell cycle withdrawal of lamin A/C-deficient CMs.

Interestingly, we observed more pronounced defects in the RV myocardium, which may be
accounted by the different embryological origin of the RV compared to the LV myocardium
(Meilhac and Buckingham 2018). The RV is formed by the second heatrt field (SHF) progenitor
cells, marked by the expression of the pioneer TF Isl1 (Cai, Liang et al. 2003, Gao, Liang et al.
2019), which is also found in lamin A LADs in ESCs and is significantly upregulated during
early cardiogenesis upon lamin A/C loss. Interestingly, in contrast to the first heart field (FHF)
progenitor cells, SHF precursors give rise to CMs and ECs (Moretti, Caron et al. 2006) and the
crosstalk between these two distinct heart cell types is instrumental for proper cardiac devel-
opment and myocardial compaction (Tian and Morrisey 2012), suggesting that abnormal car-
diovascular cell fate choices and dysfunctional endothelium might pay a role in LMNA LOF

cardiomyopathy.
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4.4 Cardiac defects in lamin A/C loss of function cardiomyopathy

In the past decade, large numbers of investigations have shown the phenotypes, molecular
mechanisms and treatments for cardiomyopathies caused by different mutations. However, all
these studies foucus on the postnatal stage. Molecular mechanism underlying the origin and
development of the pathology is largely unexplored yet. In this study, | showed Lmna loss
results in non-compaction cardiomyopathy with preserved ejection fraction during embryonic
development. Interestingly, another recent study also shows a development defects origin of
LMNA associated cardiomyopathy. Guenantin et al. discovered that Lmna H222P/H222P em-
bryonic hearts show hypertrabeculation, interventricular septum defect and enlarged atria dur-
ing development, and decreased heart function at as early as E13.5 (Guenantin, Jebeniani et
al. 2021). Moreover, Lmna H222P/H222P embryos also display higher rates of lethality com-
pared with normal or heterozygous controls. Using Lmna H222P/+ mouse ESCs, the author
shows that cardiac mesoderm marker Mespl as well as Snail and Twist which are involved
in epithelial-to-mesenchymal transition of epiblast cells was decreased and cardiac meso-
derm specification and cardiomyocytes differentiation were impaired (Guenantin, Jebeniani et
al. 2021). This is in stark contrast to Lmna+/- and Lmna-/- mESCs, which showed premature
CM differentiation. Since Lamin A/C was expressed in mESC cells and dramatically decreased
with the exit from pluripotency and absent in mesoderm. There is a possibility that the meso-
derm defects during Lmna H222P/+ mESC differentation are due to LADs reorganization and
the unable activation of these genes in mESC. Furthermore, ascertaining whether other LMNA
mutations have an impired heart development and act through the same pathways will be a

critical next step.

During embryonic stage and at birth, Lmna-null mice showed increased ejection fraction and
fractional shortening. Two weeks after birth heart function was significantly decreased in Lmna-
deficient and haploinsufficient mice and the left ventricle was dilated, consistent with the clinical
phenotype. The sharp contrast to the observations directly after birth is most likely due to the
increased cell death specifically in lamin A/C-deficient CMs and to the decreased CM prolifer-
ation in the immediate postnatal window (P1-P7), which may be connected to the epigenetic
priming at Meisl and Foxol binding sites. Meisl regulates postnatal CM cell cycle arrest
(Mahmoud, Kocabas et al. 2013) whereas FoxO proteins are key regulators of apoptosis (van
der Horst and Burgering 2007) and were shown to be activated and to contribute to the path-
ogenesis of cardiac laminopathies (Auguste, Gurha et al. 2018). In addition, the premature cell
cycle arrest and elevated cell death could be due to the inability of Lmna-/- CMs to respond
adequately to oxidative and mechanical stress. Indeed, mechanosensing by the nuclear lamina
have been shown to protect against nuclear rupture, DNA damage, and cell-cycle withdrawal,
while the oxygen-rich postnatal environment was proposed to induce cell-cycle arrest through

the DNA damage response pathway (Puente, Kimura et al. 2014, Cho, Vashisth et al. 2019).
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Interestingly, we observed increased DNA damage and cell death in Lmna-/- non-CMs sub-
jected to stretch and oxidative stress, suggesting that activation of the DNA damage pathway
might contribute to the premature cell cycle arrest and increased cell death upon lamin A/C
LOF. Importantly, during embryogenesis the RV and the LV eject blood at a high pressure into
the systemic circulation as blood shunts through the ductus arteriosus and foramen ovale,
while after birth the pulmonary circulation is a low-pressure circuit. Thus, the differences ob-
served in RV and LV function during embryogenesis and after birth might be due to the im-

portant function of lamin A/C in mechanosensing and response.

4.5 Endothelial cell dysfunction in lamin A/C LOF cardiomyopathy

The crosstalk between endothelial cells and cardiomyocytes is crucial for cardiac development
and postnatal heart function. Two main subtype of endotheilal cells exist in mammalian heart:
endocardial cells and coronary endothelial cells. Druing heart development cardiac progenitors
from the mesodermal primitive streak differentiate into a cardiac crescent,then form a linear
heart tube.The heart tube consists of an outer myocardial layer and an inner endocardial layer,
and these two layers are separated by an acellular extracellular matrix (ECM) layer called the
cardiac jelly (Harvey 2002). Endocardial cells are one of the earliest endothelial populations
acquired in development and are identified by expression of Nfatcl, Npr3 and Cytll (de La
Pompa, Timmerman et al. 1998, Misfeldt, Boyle et al. 2009). Whereas, endothelial cells of
coronary vessels arise later in development and form coronary vessels in the myocardium,
providing oxygen and nutrients to parenchymal cells and removing waste products (Lavine and
Ornitz 2009). Markers expressed by coronary endothelial cells include Apin, Fabp4 and CD36.
Moreover, both capillary and endocardial ECs are in close proximity to CMs and provide mul-
tiple autocrine and paracrine signals controlling CMs proliferation (Rhee, Paik et al. 2021),
muarturation (Rhee, Paik et al. 2021), contraction, hypertrophy (Accornero, Van Berlo et al.
2011, Kivelda, Hemanthakumar et al. 2019) and metabolism (Wan and Rodrigues 2016).

Although numerous of studies have shown cardiomyoytes dysfunction in LMNA associated
cardiomyopathies, the role of endothelium in these diseases, especially during early develop-
ment, remains largely unexplored. A recent study have suggested that vascular dysfunction
mediated through KLF2 may contribute to the pathogenesis of LMNA-related DCM (Sayed, Liu
et al. 2020). In my PhD work, | showed Lmna-/- and Lmna+/- mice not only exihibit a reduced
capilary density but also an excessive trabeculations during early heart development. The ab-
normal function of endocardial or development of the coronary endothelium and improper
crosstalk between endocardium and myocardium have been shown linked with left ventricular
non-compaction cardiomyopathy phenotype (Rhee, Chung et al. 2018, Rhee, Paik et al. 2021).
Thus it would be interesting to address whether endocardial/coronary EC disfunction contrib-

utes to LMNA associated noncompaction cardiomyopathy. Moreover, it has been shown that
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endocardium contribute to most of coronary vessels (Wu, Zhang et al. 2012), and abnormal
endocardial to coronary endothelial transformation leads to pathophysiological process of con-
genital and postnatal heart diseases involving cardiac morphogenesis, valve disorders, coro-
nary malformations, and cardiomyopathy. Hence, it would also be possibe that the reduced
capillary density in Lmna konckout mice is due to the defects of the endocardial transformation.
Moreover, endocardium also gives rise to mesenchymal cells that subsequently expand, mi-
grate along ventricular walls, and contribute to pericytes, SMCs, fibroblasts, intramyocardial
adipocytes as well as hematopoietic cells (Zhang, Lui et al. 2018). Defects or abnormal of
endocardium lineage differentiation would also affect other cell types and lead to heart disease.
Thus, exploring the role of endothelium in LMNA associated cardiomyopathies has just begun.

4.6 Distinct role of lamin A/C in pluripotent stem cells and committed CMs

Importantly, | observed different epigenetic and transcriptional alterations upon lamin A/C de-
pletion in naive pluripotent stem cells or specifically in CMs. Both of these contributed to the
transcriptional changes detected in patients with LMNA-associated DCM mutations, suggest-
ing distinct functions of lamin A/C-dependent chromatin architecture in committed versus un-
committed cells for cardiac development and disease. Motif enrichment analysis within chro-
matin regions of genes upregulated upon lamin A/C LOF and characterized with more open
chromatin in mESC vs CMs identified common and cell type specific binding motifs, consistent
with the functional changes observed in lamin A/C-deficient mESC or CMs. Identifying the
factors that mediate such distinct chromatin organization in mESC and CM will be an interest-
ing line of research in the future. It has been long thought that while B-type lamins are ex-
pressed throughout development, A-type lamins are expressed only highly after commitment
of cells to a particular differentiation pathway. However, my data clearly demonstrate that lamin
A/C is not only expressed in naive pluripotent stem cells but also plays essential role in naive
pluripotency maintenance and establishment and in preventing precocious CM differentiation.
Interestingly, lamin A/C protein levels dramatically decreased with the exit from pluripotency
and were only high again in CMs, suggesting that lack of lamin A/C provides a window of
opportunity for stem cells to acquire specific fate.

Another study using an iPSC model harboring the T10l mutation in LMNA suggested a role of
the nuclear lamina in safeguarding cellular identity for committed cells (Shah, Lv et al. 2021).
In T10l iPSC-CMs, the peripheral heterochromatin enriched for non-myocyte lineage genes
was disrupted, resulting in the activation of alternative cell fate genes. Upregulation of non-
cardiac genes was also observed in iPSC-CMs carrying the R225X mutation in lamin A/C.
Importantly, CACNA1A, encoding a neuronal P/Q-type calcium channel, was upregulated, and
pharmacological inhibition partially rescued the altered electrophysiological properties of
R225X iPSC-CMs (Bertero, Fields et al. 2019). In this context, it is important to note that in
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contrast to mouse/human blastocysts and naive mouse mESCs, hiPSCs cultured in standard
conditions represent a primed state and do not express detectable levels of lamin A/C protein
(Wang, Elsherbiny et al. 2022). Since lamin A/C plays an important role in chromatin organi-
zation in naive pluripotent stem cells, which is essential for normal cardiogenesis, some im-
portant aspects of lamin A/C function cannot be modeled using hiPSCs and requires studies
using naive hiPSCs carrying LMNA mutations. Overall, my study showed a distinct role of
lamin A/C in pluripotent stem cells and differentiated cells.
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5 SUMMARY

In my PhD work, | studied how chromatin tethering to the nuclear lamina controls cardiovas-
cular cell fate choices, development and function. | found that ablation of lamin A/C rather than
lamin B1 in mouse embryonic stem cells (MESCs) results in precocious activation of a tran-
scriptional program promoting cardiomyocyte versus endothelial cell fate. This was accompa-
nied by premature cardiomyocyte differentiation, cell cycle withdrawal and abnormal contrac-
tility. | next corroborated my findings in vivo using Lmna+/+ (control), Lmna+/- and Lmna-/-
mice. Expression analysis revealed significant upregulation of cardiac progenitor and cardio-
myocyte marker genes in dissected pharyngeal mesoderm and hearts of E8.5 embryos as well
as E9.5 hearts upon Lmna ablation consistent with my in vitro cell culture-based studies. His-
tological examination unveiled non-compaction cardiomyopathy in both Lmna+/- and Lmna-/-
embryos. Further, | also found precocious CM differentiation and premature binucleation cou-
pled to CM cell cycle withdrawal during fetal heart development.

Using a combination of RNA-seq, ATAC-seq, Hi-C and 3D FISH, | next studied the effect of
lamin A/C loss on the three-dimensional (3D) chromatin organization and gene expression.
ATAC-seq revealed a widespread increase in chromatin accessibility across the genome, as
well as at genes upregulated upon lamin A/C loss already in pluripotent stem cells. Moreover,
Hi-C and 3D FISH experiments showed that around 8% of chromatin compartments switched
from active A to inactive B comprtments and vice versa as a result of lamin A/C depletion and
were highly associated with lamina-associated domains (LADs). Cardiac genes within lamin
A/C LADs such as Gata4, Isl1, Mef2c and Ttn relocalized from the repressive nuclear periphery
to the active nulcear interior upon lamin A/C loss of function. Importantly, Gata4 was activated
by lamin A/C loss and Gata4 silencing or haploinsufficiency rescued the aberrant cardiovas-
cular cell fate choices induced by lamin A/C deficiency.

In addition, | uncovered divergent functions of lamin A/C in naive pluripotent stem cells and
cardiomyocytes, which have distinct contributions to the transcriptional alterations of patients
with LMNA-associated cardiomyopathy. In naive pluripotent stem cells, lamin A/C keeps cell
differentiation and cardiac morphogenesis genes silent, such as Gata4/6, Bmps, Ryr2, Wnts,
Myl4, etc. Upon lamin A/C LOF, these genes are ectopically expressed in mESCs or later
stage. Whereas, in CMs lamin A/C specifically regulates genes involved in cardiac contraction
and sarcomere organization.

In summary, my results showed that epigenetic alterations in ESCs play a crucial role in LMNA-
related cardiomyopathies and disruption of lamin A/C-dependent chromatin architecture in
ESCs is a primary event in LMNA loss-of-function cardiomyopathy.

Still, an important question remains: how do different and specific LMNA mutations result in

phenotypic diversity? Environmental factors, such as diet, exercise, and stress, as well as age,
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sex, and other comorbidities, might also contribute to the phenotypic variability in patients with
pathogenic LMNA mutations. Identifying cell-type-specific interacting partners for nuclear lam-
ins and the effect of lamin mutations on these interactions would also be important in under-
standing the wide-ranging clinical phenotypes and may pinpoint druggable protein—protein in-
terfaces for therapeutic applications. Given the important role of lamin A/C in heart develop-
ment and CM differentiation, developmental changes in asymptomatic-at-birth LMNA patients

might result in late changes in heart structure and function, warranting further investigation.
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