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Summary

1. Summary

Hypertension represents the main risk factor for cardiovascular death
worldwide. Autosomal dominant hypertension with brachydactyly (HTNB) is a salt-
resistant Mendelian syndrome characterized by progressive hypertension,
brachydactyly type E and blood vessel hyperplasia. It resembles essential
hypertension. If untreated, patients die from stroke before age 50 years.

This study provides strong evidence that mutations affecting a 15 bp
regulatory region of the phosphodiesterase 3A (PDE3A) gene cause HTNB. A new
human mutation that affects the 15 bp region of the PDE3A gene was identified. A
CRISPR/Cas9 rat model was generated carrying a 9 bp deletion in the same
regulatory region, which is analogous to a human 3 bp deletion and which
recapitulates HTNB. The mutated PDE3A gene drives mechanisms that increase
vascular smooth muscle cell (VSMC) proliferation and peripheral vascular resistance
causing hypertension; heart function, however, appears normal. PDE3A hydrolyses
cyclic adenosine-3’,5’-monophosphate (cAMP) and is inhibited by cyclic guanosine-
3’,5’-monophosphate (cGMP). Treatment of the mutant rats with the soluble guanylyl
cyclase (sGC) activator, BAY 41-8543, a derivative of riociguat, reduced the blood
pressure to wild-type levels, suggesting that activation of sGC could be a treatment
option for patients with HTNB. The mutant PDE3A enzymes show increased enzyme
activity, aberrant phosphorylation and an increased interaction with the adaptor
protein 14-3-3 0. Furthermore, a new mutation affecting the region encoding the
catalytic domain of PDE3A was identified. All patients carrying this mutation suffer
from brachydactyly type E but not all of them have hypertension. This mutant enzyme
does not increase PDES3A activity, further confirming that only mutations affecting the
regulatory region of the PDE3A gene increase the hydrolytic activity of the enzyme.
Lastly, mutations located in the regulatory region of the PDE3A gene protect the
heart against cardiac remodeling, hypertrophy and heart failure.

In conclusion, these findings could lead to the identification of novel
therapeutic strategies targeting PDE3A signaling compartments for the treatment of
HTNB and essential hypertension, as well as heart failure.
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Zusammenfassung

2. Zusammenfassung

Hypertonie stellt den Hauptrisikofaktor fur kardiovaskular bedingte Todesfalle
weltweit dar. Autosomal-dominante Hypertonie mit Brachydaktylie (HTNB) ist ein
salz-resistentes Syndrom, das nach dem Mendelschen Erbgang vererbt wird. Es
zeichnet sich durch fortschreitende Hypertonie, Brachydaktylie Typ E und
Hyperplasie der BlutgefalRe aus und ahnelt der essentiellen Hypertonie. Unbehandelt
versterben Patienten noch vor Vollendung ihres 50. Lebensjahres an den Folgen
eines Schlaganfalls.

Diese Studie liefert aussagekraftige Belege, dass Mutationen in der 15
Basenpaar (bp) langen regulatorischen Region des Phosphodiesterase 3A (PDE3A)-
Gens HTNB verursachen. Eine neue humane Mutation der 15 bp Region des
PDE3A-Gens wurde identifiziert. Reprasentativ fur diese Mutation wurde mit Hilfe
von CRISPR/Cas9 ein Rattenmodell generiert, welches eine Deletion von 9 bp in
eben dieser regulatorischen Region aufweist. Diese ist somit zu der humanen
Deletion von 3 bp analog und rekapituliert HTNB. Das mutierte PDE3A-Gen fordert
Mechanismen, die die Proliferation von glatten Gefallmuskelzellen (VSMC) und den
peripheren GefalRwiderstand erhdhen und somit Hypertonie verursachen; die
Herzfunktion erscheint dagegen normal. PDE3A hydrolysiert zyklisches
Adenosinmonophosphat (CAMP) und wird durch zyklisches Guanosinmonophosphat
(cGMP) inhibiert. Die Behandlung der mutierten Ratten mit dem l6slichen Guanylyl-
Zyklase (sGC)-Aktivator BAY 41-8543, einem Derivat von Riociguat, fuhrte zu einer
Reduktion des Blutdrucks auf Wildtyp-Level. Dies suggeriert, dass die Aktivierung
von sGC eine Behandlungsoption fur Patienten mit HTNB darstellen konnte. Die
mutierten PDE3A-Enzyme  zeigen erhohte Enzymaktivitat, aberrante
Phosphorylierung und eine vermehrte Interaktion mit dem Adapterprotein 14-3-3 0.
Des Weiteren wurde eine neue Mutation in der fur die katalytische Domane von
PDE3A kodierenden Region identifiziert. Alle Trager dieser Mutation leiden unter
Brachydaktylie Typ E, aber nicht alle weisen Hypertonie auf. Das mutierte Enzym
erhoht nicht die PDE3A-Aktivitat, was weiterhin bestatigt, dass nur die regulatorische
Region des PDE3A-Gens betreffende Mutationen die hydrolytische Aktivitat des
Enzyms steigern. Zuletzt schitzen Mutationen in der regulatorischen Region des
PDE3A-Gens das Herz gegen Remodellierung, Hypertrophy und Herzversagen.
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Zusammenfassend konnten diese Erkenntnisse zur Identifizierung neuer
therapeutischer Strategien fuhren, welche PDE3A-Signalkompartimente als Ziel
haben und zur Behandlung von HTNB und essentieller Hypertonie, sowie

Herzversagen eingesetzt werden konnten.
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Introduction

3. Introduction

3.1. Hypertension with brachydactyly type E (HTNB)

Hypertension is the major risk factor for cardiovascular disease. Autosomal
dominant hypertension with brachydactyly (HTNB) clinically resembles essential
hypertension, i.e. high blood pressure due to unknown cause (Schuster et al. 1996,
Bahring et al. 2004, Toka et al. 2015, Bolivar 2013). Blood pressure is the pressure
with which the blood acts on the walls of blood vessels. Blood pressure regulation is
a complex mechanism that involves the heart, blood vessels, kidneys, adrenal glands
and autonomic nervous system, especially the sympathetic nervous system (Cowley
2006). Treatments with anti-hypertensive drugs reduce target organ damage and
hypertensive-dependent complications i.e. stroke, heart attack and heart failure
(Schmieder 2010). However, treatments targeting the causes of essential
hypertension have not yet been developed (Bolivar 2013). New genes and
mechanisms that influence blood pressure have been identified by studying
congenital conditions; however, all of the identified mechanisms involve increased
sodium reabsorption in the distal nephron (Lifton 2004, Toka, Koshy and Hariri 2013).
Half of the patients with essential hypertension are salt-resistant, meaning that high
salt intake does not induce a change in blood pressure larger than 5 mmHg (Lopez et
al. 1995). Therefore, there is a need to understand the blood-pressure-elevating
mechanisms in this hypertensive population and to define novel therapeutic
approaches (Lopez et al. 1995). HTNB-affected individuals are salt-resistant
(Schuster et al. 1996, Bahring et al. 2004, Toka et al. 2015). Thus, this disease can
serve as an appropriate model to study salt-resistant hypertension and to potentially
identify novel molecular targets for pharmacological intervention.

HTNB, also known as brachydactyly-short stature-hypertension (Bilginturan)
syndrome, is characterized by age-dependent progressive hypertension and blood
vessel hyperplasia. The second trait is brachydactyly type E, defined by short
metacarpals, metatarsals and short stature (Figure 1) (Schuster et al. 1996, Luft et al.
2003, Bahring et al. 2008). If untreated, blood pressure increases by 50 mmHg and
patients die from stroke before age 50 years (Schuster et al. 1998). Surprisingly,
hypertension-associated end organ damage such as cardiac hypertrophy, kidney
damage or hypertensive retinopathy is absent (Hattenbach et al. 1998, Toka et al.
2015).
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median blood pressure (mmHg)

age (years)

Figure 1: Key features of the HTNB syndrome (Schuster et al. 1996, Luft et al. 2003, Bahring et al.
2008). (A) Increase in median blood pressure with increasing age. The solid black symbols represent
affected family members, where the increase in blood pressure is dramatic and if untreated leads to
death by age 50. The two exceptions (solid black symbols with brackets) were patients being treated
for hypertension. The open symbols show the non-affected family members with blood pressure
increases similar to those observed in most societies. (B) Hands from non-affected (NON) and
brachydactyly type E-affected individuals (AFF). (C) Giemsa stain of buttocks biopsies-derived artery
sections from a 25-year old affected (upper panel) and non-affected (lower panel) sibling of similar

age.

HTNB is caused by mutations in the gene encoding for cyclic guanosine
monophosphate (cGMP)-inhibited cyclic adenosine monophosphate (cAMP)
phosphodiesterase 3A (PDE3A). PDE3A belongs to the superfamily of cyclic
nucleotide phosphodiesterases (PDEs), enzymes responsible for the termination of
cyclic nucleotide-dependent signaling (Maurice et al. 2014). Therefore, PDE3A is an
essential component in one of the most important signaling pathways in the
cardiovascular system, cAMP signaling, which controls a variety of processes
including excitation-contraction coupling, relaxation and basal pacemaking activity.
Impaired cAMP signaling leads to severe cardiovascular diseases (Fischmeister et
al. 2006, Perera and Nikolaev 2013, Zaccolo 2009).
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3.2. cAMP signaling

Signal transduction systems permit cells to generate suitable responses to
changes in the extracellular environment and aberrant intracellular signaling can
have detrimental effects and cause severe pathological conditions (Wheeler-Jones
2005). Cyclic AMP is a ubiquitous second messenger that functions as a signal
transducer of many extracellular cues (Beavo and Brunton 2002). It predominantly
integrates input received from G-protein coupled receptors (GPCRs) and further
activates multiple signaling pathways that will give rise to specific cellular responses
(Wright, Schobesberger and Gorelik 2015, Pierce, Premont and Lefkowitz 2002). To
exert its effects, cAMP binds with high affinity and activates one or more of its
downstream effector proteins. To date, four types of cAMP effector proteins have
been identified, i.e. cAMP-dependent protein kinase (protein kinase A, PKA),
exchange proteins activated by cAMP (Epac), cyclic nucleotide-regulated channels
(comprising two structurally related groups, namely the cyclic nucleotide-gated ion
channels (CNG) and the hyperpolarization-activated cyclic nucleotide-gated channels
(HCN)) and the Popeye domain containing (POPDC) proteins (Figure 2) (Lorenz,
Bertinetti and Herberg 2017, Lezoualc'h et al. 2016, DiFrancesco and Tortora 1991,
Brand and Schindler 2017, Kaupp and Seifert 2002).

23



Introduction

Extracellular

00000000000000000¢

- ’000000000

WWW
BEROOO@N OO LO000000
- Ld _y Intracellular

)ac
& o

cAMP \

P

Figure 2: Schematic representation of the cAMP signaling cascade. Upon ligand binding to a
GPCR the receptor undergoes a conformational change. Gas subunit dissociates from the GPCR and
the GB-Gy complex and exchanges the bound guanosine diphosphate (GDP) for a guanosine
triphosphate (GTP). The active GTP-bound Gas subunit activates AC, which in turn catalyzes the
formation of the second messenger cAMP from adenosine triphosphate (ATP). cAMP binds to and
activates its effector proteins: PKA, Epac, CNG, HCN and the POPDC proteins. Termination of cAMP
signaling is mainly achieved by PDEs, enzymes that hydrolyze cAMP to AMP. GPCR G-protein
coupled receptor; AC adenylyl cyclase; PKA protein kinase A; Epac exchange proteins activated by
cAMP; CNG cyclic nucleotide-gated ion channels; HCN hyperpolarization-activated cyclic nucleotide-
gated channels; POPDC Popeye domain containing proteins; PDE cyclic nucleotide

phosphodiesterase. Adapted from (Nikolaev and Zaccolo 2017).

Tight control of the intracellular signaling is required in order for a limited
number of cAMP effectors to link a multitude of extracellular cues to specific
biological responses. This is achieved through the compartmentation of cyclic
nucleotide signaling. The cellular processes that ensure this are the following: the
cAMP synthesis and diffusion, formation of multi-protein signaling complexes and
cAMP degradation.

24



Introduction

cAMP is generated from ATP by enzymes termed adenylyl cyclases (ACs) that
are stimulated by the a-subunits of stimulatory G proteins (Gs), which in turn are
activated upon stimulation of B-adrenoceptors (B-ARs) (Figure 2) (Pierce et al. 2002,
Cooper 2003, Cooper and Tabbasum 2014, Efendiev and Dessauer 2011). All AC
isoforms are directly or indirectly regulated by calcium (Ca?*) influx (Mons et al. 1998,
Jaiswal and Conti 2003, Halls and Cooper 2011), suggesting that crosstalk between
signaling pathways is essential for regulation of cellular activity and to further
increase the range of cellular responses. The multi-protein signaling complexes are
created with the aid of the family of A-kinase anchoring proteins (AKAPs). These
proteins act as scaffolds and engage in direct interaction with a variety of proteins,
including PKA. They form multi-protein signaling complexes targeting them to specific
subcellular compartments (Figure 3) (Szaszak et al. 2008, Skroblin et al. 2010, Dema
et al. 2015, Pidoux and Taskén 2010, Scott, Dessauer and Taskén 2013, Nikolaev
and Zaccolo 2017). The proteins responsible for termination of cAMP signaling and
therefore essential in assuring the spatio-temporal control of cAMP signaling, are
termed cyclic nucleotide phosphodiesterases (PDEs). They locally catalyze the
hydrolysis of the phosphodiester bond within the second messenger, converting
cAMP to AMP (Figure 2) (Maurice et al. 2014, Baillie, Tejeda and Kelly 2019, Ercu
and Klussmann 2018).

Dysregulation in local cAMP signaling is detrimental. In the cardiovascular
system, it leads to severe pathological conditions such as abnormal cardiac
remodeling and heart failure (Lohse, Engelhardt and Eschenhagen 2003, Gold,
Gonen and Scott 2013, Zoccarato et al. 2015). Local cAMP signaling components
and real-time cAMP level changes can be visualized with high spatial and temporal
resolution by fluorescence resonance energy transfer (FRET)-based imaging with the
aid of genetically encoded sensors (e.g. CAMP-binding and PKA activity sensors)
(Berisha and Nikolaev 2017, Froese and Nikolaev 2015, Pavlaki and Nikolaev 2018,
Musheshe, Schmidt and Zaccolo 2017, Greenwald, Mehta and Zhang 2018, Ross et
al. 2018). These sensors can be targeted to specific locations within the cell,
including at the sarcolemma, and therefore close to the ion channels or at the
sarcoplasmic reticulum (SR), in the vicinity of proteins that regulate Ca®* cycling, i.e.
the sarcoplasmic reticulum Ca?* ATPase 2 (SERCA2) and ryanodine receptor 2
(RyR2) (Thestrup et al. 2014, Sprenger and Nikolaev 2013, Perera et al. 2015,
Sprenger et al. 2015). FRET measurements can also be used to monitor cAMP levels
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in ex vivo and in vivo hearts as well as intact cardiac tissue (Jungen et al. 2017).
Understanding cAMP dynamics at the subcellular microdomain level and changes in
cyclic nucleotide signaling during disease could lead to the identification of novel and
more specific therapeutic targets for the treatment of cardiovascular diseases.
Therefore, FRET-based imaging is a suitable approach to investigate and understand
the pathology underlying HTNB.

3.2.1. Protein kinase A (PKA)

PKA is the major downstream effector of cAMP. It is a serine/threonine
(Ser/Thr) protein kinase that controls a variety of processes, including cardiomyocyte
contraction, metabolism and cell growth and division (Francis and Corbin 1994). The
PKA holoenzyme is a heterotetramer consisting of two regulatory (R) subunits, each
bound to one catalytic (C) subunit. The R subunits subtypes comprise type | (Rla or
RIB) and type Il (Rlla or RIIB), while there are three types of catalytic subunit
isoforms, namely Ca, CB and Cy (Taylor et al. 2012). Upon cAMP binding to the R
subunits, the C subunits are released and activated and therefore able to
phosphorylate substrate found in the close vicinity (Francis and Corbin 1994). This
theory was recently confirmed by a light-activated cross-linking mass spectrometry
approach (Walker-Gray, Stengel and Gold 2017). In contrast, early biochemical
experiments showed that the PKA holoenzyme can also be active (Yang, Fletcher
and Johnson 1995, Kopperud et al. 2002). Recent FRET-based measurements
revealed that minimal dissociation of the C subunits from the holoenzyme is caused
by physiological cAMP levels, thus limiting PKA to act only on the substrates found in
its close vicinity and therefore supporting the notion of an active PKA holoenzyme.
(Smith et al. 2017).

3.2.2. A-kinase anchoring proteins (AKAPS)

AKAPs are a family of anchoring proteins consisting of more than 40
members. They are key players in coordinating cAMP-dependent signaling
responses by targeting PKA and additional signaling proteins, including PDEs, ACs,
other protein kinases (PKs) and phosphatases (PPs) to specific locations within the
cell (Figure 3) (Skroblin et al. 2010, Rababa'h et al. 2014, Welch, Jones and Scott
2010, Langeberg and Scott 2015).
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Figure 3: Schematic representation of an AKAP signalosome. AKAPs orchestrate local cCAMP
signaling by tethering PKA and other cAMP effector proteins, such as PDEs, AC, and other protein
kinases and phosphatases and substrates to specific subcellular compartments. AKAP A-kinase
anchoring proteins; PK protein kinases; PP protein phosphatases. Adapted from (Nikolaev and
Zaccolo 2017).

Various AKAPs can be found at distinct subcellular compartments, including
the plasma membrane (PM, e.g. AKAP18a, AKAP18B3 and AKAP79 (Fraser et al.
1998, Trotter et al. 1999, Dell'Acqua et al. 1998)), the cytosol (e.g. sphingosine
kinase-interacting protein (SKIP), GSK3p-interacting protein (GSKIP) (Kovanich et al.
2010, Hundsrucker et al. 2010, Dedk et al. 2016, Dema et al. 2016, Scholten et al.
2006)), the sarcoplasmic reticulum (SR, e.g. AKAP185 (Lygren et al. 2007)),
intracellular vesicles (STIP1 homology and U box-containing protein 1 (STUB1)
(Dema et al. 2020)), the cytoskeleton (e.g. gravin, ezrin (Taskén and Aandahl 2004)),
the mitochondria (e.g. D-AKAP1 (Huang et al. 1999)) and the nucleus (e.g.
pericentrin and AKAP350 (Diviani et al. 2000, Gillingham and Munro 2000)).

AKAPs are essential players in a variety of processes that are required for the
proper functioning of the heart and vasculature. More specifically, they are required
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for proper excitation-contraction coupling (Gray et al. 1998, Marx et al. 2000, Lygren
et al. 2007, Ahmad et al. 2015b), for maintaining the endothelial barrier function and
thus the vascular integrity (Radeva et al. 2014, Kwon et al. 2012) and vascular tone
(Navedo and Santana 2013) and for regulating action potential duration (Marx et al.
2002, Frey et al. 2004), cardiac repolarization (Marx et al. 2002) and B-AR
desensitization and resensitization (Fan et al. 2001, Gardner et al. 2006). In the
cardiovascular system, AKAPs are also involved in several pathophysiological
conditions. For instance, some of these proteins modulate stress signal-induced
pathways, leading to cardiac hypertrophy and ultimately to heart failure (Deak and
Klussmann 2016, Diviani et al. 2016). A summary of the AKAPs expressed in the
heart and vasculature and of the cardiovascular processes that they regulate is
presented in Table 1.

Table 1: Overview of AKAPs expressed in the cardiovascular system and of the processes they
regulate (Ercu and Klussmann 2018, Gray et al. 1998, Marx et al. 2000, Lygren et al. 2007, Ahmad et
al. 2015b, Radeva et al. 2014, Kwon et al. 2012, Navedo and Santana 2013, Marx et al. 2002, Frey et
al. 2004, Fan et al. 2001, Gardner et al. 2006, Deak and Klussmann 2016, Diviani et al. 2016).

Common Gene name Alternative Regulated cardiovascular process
name name
D-AKAP1 AKAP1 AKAP121/ Cardiac stress response
AKAP149/
AKAP84
D-AKAP2 AKAP10 - Cardiac repolarization
AKAPY9 (long AKAP9 - Endothelial barrier function
isoform)
AKAP18a Excitation-contraction coupling
AKAP18y AKAPY -
AKAP185
AKAP79 AKAPS AKAP75/ Vascular tone

AKAP150 Excitation-contraction coupling
B-ARs desensitization/ resensitization

cycle

AKAP220 AKAP11 - Endothelial barrier function
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AKAP-Lbc AKAP13 Brx-1/ Proto- Cardiac stress response
Lbc/ Ht31

mAKAPf AKAP6 AKAP100 Excitation-contraction coupling
Cardiac stress response

AKAP Yotiao  AKAP9 GC-NAP Cardiac repolarization

Gravin AKAP12 AKAP250 Endothelial barrier function
B-ARs desensitization/ resensitization
cycle

SKIP SPHKAP - Cardiac stress response

3.2.3. Cyclic nucleotide phosphodiesterases (PDEs)

PDE hydrolysis represents the main route for lowering the intracellular levels
of cyclic nucleotides and therefore for terminating cyclic nucleotide-dependent
signaling (Maurice et al. 2014). The most well documented cyclic nucleotides are
cAMP and cGMP, both being important regulators of cardiac function. cGMP is
generated by the enzyme guanylyl cyclase (GC), upon stimulation by either nitric
oxide (NO) or natriuretic peptides and it exerts its effect by activating its effector
proteins, namely protein kinase G (PKG) and cyclic nucleotide-gated channels (Shah
and MacCarthy 2000). To increase the cell’s ability to process multiple inputs and
generate complex cellular responses, there is molecular crosstalk between cAMP
and cGMP signaling pathways. One example where this becomes evident is
regulation of PDE activity. In the heart, cGMP intracellular concentration indirectly
influences the intracellular concentration of cAMP by regulating the activity of PDEs
that hydrolyze cAMP. For instance, cGMP inhibits PDE3A since it competes with
cAMP for binding in the active site of the enzyme (Zaccolo and Movsesian 2007).

The PDE superfamily consists of more than 100 members generated from 21
genes via differential transcription initiation sites and alternative splicing. There are
11 families of PDEs (PDE1-PDE11) some of which can selectively hydrolyze either
cAMP (PDE4, 7 and 8) or cGMP (PDES5, 6, 9), while others can catalyze the
hydrolysis of both second messengers and are called dual-specificity PDEs (PDE1,
2, 3, 10 and 11) (Maurice et al. 2003) (Figure 4). They do not only differ in their
substrate specificities but also in their primary structure, kinetics and modes of
regulation (Conti and Beavo 2007).
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Figure 4: Classification of the PDE families based on their substrate specificities. PDE families
4, 7 and 8 hydrolyze cAMP only, whereas PDE5, 6 and 9 are cGMP-specific. The remaining five
families, namely PDE1, 2, 3, 10 and 11, are the so-called dual-specific PDEs catalyzing the hydrolysis
of both cAMP and cGMP (Ercu and Klussmann 2018).

All PDEs share a similar structure consisting of an N-terminal regulatory
domain, a conserved catalytic domain and a C-terminal domain (Conti and Beavo
2007, Keravis and Lugnier 2010, Anant et al. 1992, Baillie et al. 2000). The N
terminus is family-specific and can be post-translationally modified (e.g.
phosphorylated). It also contains domains essential for binding of regulatory
molecules (e.g. calmodulin), dimerization (e.g. GAF domains) and localization
(targeting domains and motifs essential for protein-protein interactions) (Conti and
Beavo 2007, Omori and Kotera 2007, Francis, Blount and Corbin 2011). The
conserved catalytic domain displays 25 % to 52 % homology between all PDEs and
has binding sites for divalent metals: a Zn?* binding motif in the active site and
another binding site occupied either by Mg?* (predominant case), Mn?* or Co?* (Ke
and Wang 2007). The C-terminal domain can also be modified: it can be
phosphorylated by the mitogen-activated protein kinase (MAPK) (PDE4) or
prenylated (PDEG) (Anant et al. 1992, Baillie et al. 2000).

The intracellular localization of PDEs is essential for achieving a coordinated
cAMP-dependent signaling response (Omori and Kotera 2007). PDEs can be found
at various subcellular locations, including the PM (e.g. PDE2A, PDE3A1, PDE6a and
PDEGP (Wechsler et al. 2002, Rosman et al. 1997, Zhang et al. 2004)), the cytosol
(e.g. PDE3A3, PDE5 (Wechsler et al. 2002, Senzaki et al. 2001)), the Golgi
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apparatus and centrosomes (e.g. PDE7A1 (Han et al. 2006)) and the nucleus (e.g.
PDE9A1 (Wang et al. 2003)). PDE tethering to subcellular compartments is achieved
via structural motifs within the N-terminal regulatory domain, which either target the
enzyme to specific locations or promote specific protein-protein interactions leading
to the enzyme’s incorporation in a number of signaling complexes (Stangherlin and
Zaccolo 2012, Azevedo et al. 2014). Hydrophobic motifs target PDEs to the
membrane e.g. the NHz-terminal domain TAPAS-1 of PDE4A1 leads to membrane
insertion by interaction with phosphatidic acid (Baillie et al. 2002), upstream
conserved region 2 (UCR2) promotes membrane insertion of PDE4A5 (Beard et al.
2002), PDE2A1 N-terminus is more hydrophilic and leads to cytosolic distribution
(Acin-Perez et al. 2011, Russwurm et al. 2009) and PDE3 has two N-terminal
hydrophobic regions that target the enzyme to the membrane (Kenan et al. 2000,
Shakur et al. 2000). PDEs are integrated into specific macromolecular complexes
upon their interaction with various AKAPs: PDE4D3 interacts with mAKAP (Dodge-
Kafka et al. 2005), AKAP Yotiao (Marx et al. 2002) and AKAP450 (Taskeén et al.
2001), PDE4D was shown to interact with gravin and AKAP18 (Willoughby et al.
2006, Lygren et al. 2007) and PDE3A1 is recruited in a complex coordinated by
AKAP18 (Ahmad et al. 2015b). PDEs have been shown to interact with other non-
scaffolding proteins, including the cystic fibrosis transmembrane conductance
regulator (CFTR) (PDE3A) (Penmatsa et al. 2010), small heat shock protein 20
(Hsp20) (members of the PDE4 family) (Sin et al. 2011) and B-arrestin (PDE4D5)
(Baillie et al. 2007, Perry et al. 2002).

Various PDEs regulate different aspects of cardiac and vascular physiology
(Kim and Kass 2017), such as cardiac contractility (PDE families 2, 3, 4, 5 and 8)
(Yan, Miller and Abe 2007), basal pacemaking activity (PDE families 3 and 4)
(Galindo-Tovar, Vargas and Kaumann 2009), endothelial barrier function and
therefore vascular integrity (PDE families 2, 3, 4 and 5) (Surapisitchat et al. 2007,
Chen et al. 2016). In addition, various PDEs are involved in pathological processes,
for instance they are implicated in cardiac remodeling, which ultimately leads to
cardiac dysfunction (PDE family members PDE1A, PDE3A, PDE4B, PDE4D, PDE5
and PDEYA) (Fischmeister et al. 2006, Ding et al. 2005, Abi-Gerges et al. 2009,
Miller et al. 2009, Bobin et al. 2016) (Table 2).
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Table 2: Overview of PDE families expressed in the heart and vasculature and of the

cardiovascular processes regulated by them (Ercu and Klussmann 2018, Kim and Kass 2017, Yan
et al. 2007, Galindo-Tovar et al. 2009, Surapisitchat et al. 2007, Chen et al. 2016, Fischmeister et al.
2006, Ding et al. 2005, Abi-Gerges et al. 2009, Miller et al. 2009, Bobin et al. 2016).

PDE family PDE Gene Substrate Regulated cardiovascular process
specificity
PDE1A
PDE1 PDE1B cAMP, cGMP  Cardiac stress response
PDE1C
PDE2 PDE2A cAMP, cGMP  Endothelial barrier function
Excitation-contraction coupling
PDE3 PDE3A cAMP, cGMP  Endothelial barrier function
PDE3B Excitation-contraction coupling
Basal pacemaking activity of the SA
node
Cardiac stress response
PDE4 PDE4A Endothelial barrier function
PDE4B cAMP Excitation-contraction coupling
PDE4C Basal pacemaking activity of the SA
PDE4D node
Cardiac stress response
PDE5 PDE5A cGMP Endothelial barrier function
Excitation-contraction coupling
Cardiac stress response
PDES8 PDESA cAMP Excitation-contraction coupling
PDESB
PDE9 PDE9A cGMP Cardiac stress response
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3.3. Cyclic guanosine monophosphate (cGMP)-inhibited cyclic
adenosine monophosphate (CAMP) phosphodiesterase 3A

(PDE3A)

PDE3A, along with PDE3B, belongs to the PDE3 subfamily that hydrolyzes
both cAMP and cGMP (Figure 4) in a competitive manner. PDE3A is highly
expressed and plays important roles in vascular smooth muscle cells (VSMCs),
cardiac myocytes, platelets and oocytes, whereas PDE3B is mainly expressed in
adipose and soft tissue. Upon alternative splicing, three PDE3A isoforms are
generated, namely PDE3A1 (136 kDa), PDE3A2 (118 kDa) and PDE3A3 (94 kDa)
(Figure 5). They are located in different cellular compartments. PDE3A1 is the main
isoform found in human cardiomyocytes and is predominantly localized at
membranes. It contains two N-terminal hydrophobic regions (NHR), of which the first
one consists of four transmembrane domains, while the second one consists of a
cluster of hydrophobic amino acids and presents no transmembrane region.
PDE3A2, which lacks the first but contains the second NHR can be both membrane-
associated and cytosolic and is the main variant found in VSMCs. PDE3A3 is found
only in the cytosol, since it lacks both previously mentioned hydrophobic regions. All
three isoforms possess the same catalytic region and present high similarities
regarding their catalytic activity and inhibitor sensitivity (Figure 5). More specifically,
the three PDE3A isoforms show no significant differences with respect to the
Michaelis constant (Km) and to the catalysis constant for the conversion of substrate
into product (kcat) values for cAMP. Moreover, the sensitivity of cCAMP hydrolytic
activity to competitive inhibitors, i.e. cGMP and cilostazol, was comparable between
the three isoforms (Wechsler et al. 2002, Hambleton et al. 2005, Ahmad et al.
2015a). A three-dimensional (3D) crystal structure of PDES3A is not available,
however it has 69 % of the sequence identical to PDE3B, for which a X-ray structure
exists (Scapin et al. 2004). Therefore, using PDE3B crystal structure, a 3D molecular
model of PDE3A catalytic domain was constructed (Mufioz-Gutiérrez et al. 2017).

The activity and interaction partners of a protein could potentially be influenced
by dimerization of the protein. There is no published evidence that PDE3A dimerizes,
however other PDEs are known to form dimers. For instance, PDE4D3 has been
shown to oligomerize via its upstream conserved regions 1 and 2 (UCR1 and 2)
(Richter and Conti 2002) and further results indicate that dimerization is a conserved
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property for all long PDE4 isoforms, mediated by the UCR domains (Xie et al. 2014).
Furthermore, recent evidence showed that PDE4 dimerization regulates the
enzyme’s activity through the interaction of UCR2 and the catalytic domain (Cedervall
et al. 2015). A similar mechanism could also induce PDE3A dimerization and
regulate its activity.

Phosphorylation alters protein-protein interactions and the
compartmentalization of proteins. PDE3A interacts with and modulates the activity of
CFTR in a pig trachea submucosal gland secretion model. The interaction increases
upon PKA-dependent phosphorylation of PDE3A (Penmatsa et al. 2010). PKA
activation also increases the PDE3A interaction with Brefeldin A-inhibited guanine
nucleotide-exchange protein 1 (BIG1) in HeLa cells (Puxeddu et al. 2009). PDE3A
interaction with 14-3-3 proteins in response to phorbol 12-myristate-13-acetate
(PMA)-induced phosphorylation of the enzyme has also been reported in HelLa cells
(Pozuelo Rubio et al. 2005, Corradini et al. 2015). Also in HelLa cells, PDE3A was
shown to associate with a protein phosphatase 2A (PP2A) complex, a heterotrimeric,
conserved serine/threonine phosphatase complex, composed of protein phosphatase
2 catalytic subunit (PPP2CB), protein phosphatase 2 scaffold subunit oo (PPP2R1A)
and protein phosphatase 2 regulatory subunit B o (PPP2R2A) (Corradini et al. 2015).
In the human heart, PKA-mediated phosphorylation of PDE3A1 at serine residues
292/293 induces its recruitment to an AKAP18-based signalosome composed of
SERCAZ2, phospholamban (PLN), PKA-RIl and PKA-Ca subunit (Ahmad et al.
2015b). Furthermore, PDES3A interactions with caveolin 3 (Cav3), protein
phosphatase 1 (PP1) in the human myocardium (Ahmad et al. 2015b) as well as with
plectin in HeLa cells (Pozuelo Rubio et al. 2005) have been observed.
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Figure 5: Schematic representation of the PDE3A gene and protein isoforms and the mutations
identified to cause HTNB. The PDE3A family consists of three isoforms, namely PDE3A1, PDE3A2
and PDE3A3, which have the same conserved catalytic domain and C-terminal domain but differ in
their N-terminal regulatory domain. PDE3A1, which contains two N-terminal hydrophobic regions,
NHR1 comprising four transmembrane domains and NHR2, a cluster of hydrophobic amino acids, is a
transmembrane protein. PDE3A2 lacks the transmembrane region but encompasses NHR2 and
therefore can be found both in the cytosol as well as associated to membranes. PDE3A3 lacks both
hydrophobic regions and can be found only in the cytosol. Ten PDE3A mutations have been found in
families affected by HTNB coming from the countries indicated by the flags. The mutations are
clustered between amino acids 445 and 449, within the regulatory domain of PDE3A and affect only
the first two isoforms, PDE3A1 and PDE3A2 respectively, since the altered region is not present in
PDE3AS3. The mutations cause hyperphosphorylation of two adjacent serine residues, namely Ser428
and Ser438 (Ercu and Klussmann 2018).

3.4. PDE3A mutations cause HTNB

Ten mutations in PDE3A have been discovered in eleven unrelated families
from Lebanon, Turkey, France, the United States, Japan, South Africa, Canada,
Netherlands, New Zealand and Germany that were affected with HTNB (Maass et al.
2015, Toka et al. 2015, Ercu and Klussmann 2018, Renkema et al. 2018, Boda et al.
2016, Ercu et al. 2020). Nine of these mutations are missense mutations, whereas
one of them is a 3-base pair deletion. All mutations are clustered in a hotspot region
in the N-terminal regulatory domain of the PDE3A gene encoding amino acids 445-
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449. This region is not present in PDE3A3 (Figure 5). Six of these mutations (T445N,
T445A, T445S, A447T, A447V and G449V) have been shown to cause increased
phosphorylation of serine residues 428 and 438 (Ser428 and Ser438) of PDE3A1
and PDE3A2, as well as increased cAMP affinity and hydrolytic activity of the
enzymes (Figure 6). The underlying molecular mechanism is unclear (Maass et al.
2015). The G449S substitution identified in a German family was recently discovered

and characterized in this study (see below, Figure 14).

Figure 6: Schematic representation of the hyperphosphorylation and hyperactivity of mutant
PDE3A. The mutations induce an increase in the phosphorylation of Ser428 and Ser438 as well as an

increase in cCAMP hydrolysis, causing low cAMP levels (Ercu and Klussmann 2018).

3.5. Cardiac hypertrophy

Heart failure is a major public health issue since it represents the most
common cause of hospitalization in the Western world. At the moment, about 30
million patients worldwide are suffering from heart failure and it is predicted that the
incidence will further increase (Savarese and Lund 2017). On the molecular level,
cardiac remodeling is found at the basis of heart failure development and is
characterized by cardiomyocyte hypertrophy, apoptosis and myocardial fibrosis
(Schirone et al. 2017).

HTNB-affected individuals, despite their decades-long blood pressure
elevations, hardly display any signs of cardiac damage. Affected family members
showed comparable left ventricular mass and cardiac output values to non-affected
individuals (Toka et al. 2015). Furthermore, the distensibility of the ascending aorta
as well as the aortic pulse wave velocity, two parameters used to characterize the
stiffness of the aorta, were measured and found unchanged in affected and non-
affected family members. However, the effective arterial elastance, defined as the
ratio between the left ventricular end-systolic pressure and stroke volume, was higher
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in affected family members (Toka et al. 2015). Arterial stiffness is a hypertension-
associated risk factor that significantly predicts cardiovascular mortality (Dogui et al.
2011, Redheuil et al. 2014).

Normal platelet function is essential for the maintenance of the cardiovascular
homeostasis (Willoughby, Holmes and Loscalzo 2002). The platelet function is also
not different between affected and non-affected relatives (Toka et al. 2015). Thus,
HTNB patients showed normal cardiac function and morphology, similar arterial
system properties as well as similar platelet aggregation response to healthy
individuals (Toka et al. 2015).

3.6. PDES3 as pharmacological target
3.6.1. Targeting PDE3A activity

Most PDE families are expressed in the cardiovascular system and play
essential roles in maintaining the proper functioning of the heart and vasculature
(Table 2). Therefore, they are considered pharmacological targets for a variety of
cardiovascular diseases including hypertension, heart failure, atherosclerosis and
intermittent claudication (Maurice et al. 2014, Francis, Conti and Houslay 2011,
Knight and Yan 2013, Liu, Shakur and Kambayashi 2011, Baillie et al. 2019). Several
inhibitors of PDE3, 4 and 5 families are approved as drugs and some of them are
used for the treatment of various cardiovascular diseases (Hiatt, Money and Brass
2008, Cone et al. 1999, Faxon et al. 2004, Gresele, Momi and Falcinelli 2011,
Takigawa et al. 2010, Tariq and Aronow 2015).

Cilostazol and milrinone are two PDES3 inhibitors that have been approved as
drugs for the treatment of specific cardiovascular diseases. Cilostazol is an
antiplatelet agent that also possesses antiproliferative and vasodilatory properties. It
has been on the market for almost three decades (Rogers, Oliphant and Finks 2015).
Cilostazol is approved for the treatment of peripheral artery disease (PAD). It
increases the walking distance of patients suffering from PAD (Hiatt et al. 2008), as
well as it alleviates the intermittent claudication-induced symptoms, the major
symptomatic manifestation of PAD (Cone et al. 1999, Faxon et al. 2004, Gresele et
al. 2011). It also reduces the risk of restenosis in patients that underwent carotid
artery stenting due to its inhibitory effect on smooth muscle cell proliferation

(Takigawa et al. 2010). Despite the fact that cilostazol appears to be a promising
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agent in treating various diseases i.e. coronary artery, peripheral artery and
cerebrovascular diseases, its use is limited due to side-effects, including increased
heart rate, headache, dizziness and diarrhea, which cannot be tolerated by some
patient (Rogers et al. 2015).

Milrinone, another PDES3 inhibitor that has been commercially available for
over two decades has positive inotropic and vasodilatory properties. Therefore, it is
used in end-stage heart failure patients in order to improve cardiac contractility and
decrease vascular resistance. In addition, it appears that the vasodilatory properties
might be particularly helpful in reducing the pulmonary artery pressure and hence
improving the right ventricular function (Tariq and Aronow 2015). The long-term
administration of milrinone is associated with severe side-effects, including sustained
hypotension, atrial arrhythmias, cardiomyocyte apoptosis and an overall increase in
cardiovascular mortality, and therefore it is only used in a selected group of patients
(Cone et al. 1999, Overgaard and Dzavik 2008, Tariqg and Aronow 2015, Movsesian
2015).

The available PDE3-related therapeutic approaches target the catalytic activity
of the enzyme. Due to the fact that the catalytic site of PDE3B is highly similar to
PDE3A and that the catalytic domains of PDE3A1, PDE3A2 and PDE3A3 are
identical, agents that address the enzyme’s activity inhibit all these variants
(Hambleton et al. 2005). This lack in selectivity is a plausible explanation for the
frequent and dramatic side effects caused by long-term administration of PDE3
inhibitor therapy (Ahmad et al. 2015a). Nevertheless, PDE3 isoforms are still
attractive targets due to their high expression and the important roles they play in the
cardiovascular system. In particular for hypertension, this was underlined by
genome-wide linkage in a large subset of Chinese kindred where a locus for
essential hypertension coincided with the PDE3A locus (Gong et al. 2003). In
addition, four independent genome-wide association studies (GWAS) further
identified the PDE3A locus as influencing blood pressure and a fifth one discussed its
relevance (Ehret et al. 2016, Kato et al. 2015, Simino et al. 2013, Warren et al. 2017,
Evangelou et al. 2018).

3.6.2. PDE3A compartment-specific therapy

Novel therapeutic approaches that address local PDE3A-driven signaling
events but not its activity could pave the way to new PDE3A-dependent
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antihypertensive treatments, while avoiding the adverse effects. Mutant PDE3A is
erroneously localized in cells in response to forskolin/ PMA stimulation, activators of
PKA and protein kinase C (PKC) respectively (Toka et al. 2015). In the human heart,
PKA-mediated phosphorylation of wild-type PDE3A1 at serine residues 292/293
induces a change in its localization. It leads to its recruitment to an AKAP18-based
signalosome that controls the Ca?* re-uptake into the SR and thereby participates in
the control of cardiac relaxation (Ahmad et al. 2015b). These findings indicate that
the enzyme hyperphosphorylation induced by the mutations could affect both its
protein-protein interactions as well as its cellular localization (Figure 7). Therefore,
altered phosphorylation-dependent protein-protein interactions of PDE3A mutants
could induce an abnormal localization of the enzyme and aberrant local cAMP levels
that cause hypertension. Modulating the downstream signaling coordinated by
PDE3A, especially identifying and targeting relevant interaction partners of the
mutant enzyme in specific microdomains, could represent a promising new approach

to reduce blood pressure in the general population.

Cardiac myocyte

a N
Sarcoplasmic reticulum (SR)

Ca%

Figure 7: PDE3A-dependent control of Sarcoplasmic Reticulum Ca? ATPase 2 (SERCA2)
activity. Intracellular Ca?* cycling between the cytosol and the SR is the promoter of cardiac

contraction and relaxation. A crucial role in Ca?* homeostasis is played by SERCA2, which controls
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the Ca?" re-uptake into the SR, therefore promoting cardiac relaxation. Activation of SERCA2 is
mediated by dissociation of phospholamban (PLN), a SR phosphoprotein, upon its PKA-dependent
phosphorylation. Simultaneously, PKA-phosphorylated PDE3A1 at Ser292/Ser293 is recruited to the
AKAP186-based signalosome that contains SERCA2 and PKA. PDE3A1 hydrolyzes cAMP and
therefore limits PKA-induced PLN phosphorylation. Non-phosphorylated PLN interacts and
subsequently inhibits SERCA2, SERCA2-mediated Ca?* re-uptake into the SR is inhibited, which in
turn terminates relaxation. SERCA2 Sarcoplasmic Reticulum Ca?* ATPase 2; PLN phospholamban.
Adapted from (Ahmad et al. 2015b).

3.7. Aim of the thesis

The aims of the thesis are to use animal models to confirm the causative role
of PDE3A mutations in HTNB and to elucidate molecular mechanisms underlying
PDE3A-associated HTNB and cardioprotective effect. Major objectives were
investigating whether PDE3A mutations induce aberrant signaling or lead to altered
protein-protein interactions. Furthermore, to gain insight into the molecular
mechanism underlying the cardioprotective effect of PDE3A mutations, the cardiac
function of the HTNB rat model upon cardiac stress induction, as well as the
expression of various components of the excitation-contraction coupling machinery
were investigated.

Prospectively, understanding the molecular mechanisms underlying the
abnormal PDE3A signaling in HTNB could lead to the identification of new
therapeutic strategies, which target PDE3A signaling compartments with high
specificity, as opposed to the broadly effected PDE catalytic domain targets of
existing pharmacologically active molecules. These approaches would not only be
effective for patients with HTNB but could be extended to treatments of essential
hypertension in the general population, as well as to novel therapeutic strategies for
the treatment of heart failure.
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4. Materials and Methods

4.1. Materials

4.1.1. Equipment and software

Table 3: Equipment

Materials and Methods

Equipment Description Supplier

Basic equipment

Beckmann Coulter Large Scale Large scale centrifuge Beckmann  Coulter  GmbH
Centrifuge (Krefeld, DE)

Centrifuge Universal 320 R Centrifuge Hettich (Tuttlingen, DE)
Duomax 1030 Shaking device Heidolph Instruments

(Schwaabach, DE)

ED124S Analytical balance Sartorius AG (Goéttingen, DE)

Enspire® 2300 Microplate reader PerkinElmer (Rodgau, DE)

Eppendorf Research pro Multichannel pipette Eppendorf AG  (Wesseling-
Berzdorf, DE)

Gel Doc 2000 Gel documentation system Bio-Rad Laboratories
(California, US)

IKA® MS 3 basic Small shaker IKA (Wilmington, US)

IKA® RCT Standard

Heating plate

IKA (Wilmington, US)

Infors HT Multitron Standard

Bacterial incubator and shaker

Infors AG (Bottmingen, CH)

Miccra D-4

Tissue homogenizer

ART Prozess- & Labortechnik
GmbH (Millheim, DE)

MicroCentrifuge 2

Microscale centrifuge

NeoLab (Heidelberg, DE)

Micromat Duo Microwave AEG (Nirnberg, DE)

PipetBoy acu IBS Pipettor Integra Biosciences/ Ibs
(Fernwald, DE)

Pippettes 2.5/ 10/ 20/ 200/ Pipettes Eppendorf (Hamburg, DE)

1000/ 5000

PTR 35 Eppi rotator Gran Instruments Ltd
(Cambridgeshire, UK)

RCT standard Magnetic stirrer IKA®-Werke GmbH & Co.KG
(Staufen, DE)

RS-TR05 Falcon rotor Phoenix Instruments (Garbsen,
DE)

SBC 52 Electronic balance Scaltec Instruments GmbH
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(Gottingen, DE)

Seven Easy

pH meter

Mettler Toledo (Gielden, DE)

Thermomixer Compact

Shaking heater

Eppendorf (Hamburg, DE)

Titramax 100 Plate shaking device Heidolph Instruments
(Schwabach, DE)

Equipment for cell culture

Cryo-container 5100-0001 Freezing container Thermo Fisher Scientific/
NALGENE (Bonn, DE)

GFL 1072 Waterbath Gesellschaft fir Labortechnik
GmbH (Burgwedel, DE)

Incubator CB210 Cell incubator Binder (Tuttlingen, DE)

Neubauer chamber

Cell counting

Paul Marienfeld GmbH & Co.
KG (Lauda — Kénigshofen, DE)

Safe 2020

Sterile bench

Thermo Electron LED GmbH
(Langenselbold, DE)

Sceptert 2.0

Cell counting

Merck Millipore
DE)

(Schwalbach,

Tempcontrol 37-2 digital

Temperature regulator plate

PeCon GmbH (Erbach, DE)

Equipment for biochemical methods

MiniProtean®

Polyacrylamide gel

electrophoresis cell

Bio-Rad
(Miinchen, DE)

laboratories GmbH

NanoDrop ND-1000

Spectrophotometer

PegLab Biotechnologie GmbH
(Erlangen, DE)

Odyssey Imager

Western blot detection system

LI-COR
Homburg, DE)

Biosciences  (Bad

PerfectBlue mini L

Agarose gel electrophoresis

chamber

PegLab Biotechnologie GmbH
(Erlangen, DE)

Power Pac 1000/ 3000

Power supply

Bio-Rad Laboratories GmbH
(Miinchen, DE)

TProfessional TRIO

Thermocycler

Biometra (Géttingen, DE)

TransBlot Turbo

Western blot transfer system

Bio-Rad Laboratories GmbH
(Miinchen, DE)

Equipment for microscopy

Zeiss Axioskop HBO 50

Fluorescence microscope

Carl Zeiss Microlmaging GmbH
(Jena, DE)

Zeiss LSM 780

Confocal microscope

Carl Zeiss Microlmaging GmbH
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(Jena, DE)

Zeiss LSM510-META-NLO

Confocal microscope

Carl Zeiss Microlmaging GmbH
(Jena, DE)

Table 4: Disposable material

Material/  Article  (Art.)

number (no.) (#)

Description

Supplier

Basic material

Greiner centrifuge tubes, 15
and 50 mL

Falcon tubes

Sigma-Aldrich Chemie GmbH
(Miinchen, DE)

Pipette tips

Laboratory essential

StarLab (Hamburg, DE)

Reaction tubes

Laboratory essential

Sarstedt (Nimbrecht, DE)

Cell culture material

6 well plate

6 well cell culture plate

TPP (Trasadingen, CH)

96 well microplate

96 well microplate

Greiner bio-one (Solingen, DE)

Cell culture dish 35 mm

Cell culture dish

TPP (Trasadingen, CH)

Cell culture dish 60 mm

Cell culture dish

TPP (Trasadingen, CH)

Cell culture dish 100 mm

Cell culture dish

TPP (Trasadingen, CH)

Cell scraper Scrapping of cells TPP (Trasadingen, CH)

Cryo-vials Cryoconservation of cells Carl Roth GmbH & Co KG
(Karlsruhe, DE)

Filter tips Pipette tips StarLab (Hamburg, DE)

Filtertop Filtertop 500 mL TPP (Trasadingen, CH)

ScepterTM Sensors 60 uM Cell counting Merck Millipore (Schwalbach,

DE)

T75 cell culture flask

Cell culture flask

TPP (Trasadingen, CH)

Material for biochemical methods

4 — 20 % Mini-Protean® TGX ™

Precast Gel

Comerciant gradient gels for

SDS-PAGE

Bio-Rad Laboratories GmbH
(Miinchen, DE)

Hypodermic needles

Sterile hypodermic needles

B. Braun
(Hessen, DE)

Melsungen AG

PCR tubes, coloured

Tubes for PCR applications

Biozym  Scientific
DE)

(Olendorf,

PVDF membranes

Western blotting membranes

Carl Roth GmbH & Co KG
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(Karlsruhe, DE)

Syringes Sterile 1mL syringes B. Braun Melsungen AG
(Hessen, DE)
Thermo Scientifictm Coverslips  Coverslips for Thermo Fisher Scientific
immunofluorescence Gerhard Menzel B.V. & Co. KG
(Braunschweig, DE)
Thermo Scientific ™ Microscope slides for Thermo Fisher Scientific
SuperFrost© Adhesion slides immunofluorescence Gerhard Menzel B.V. & Co. KG

(Braunschweig, DE)

Table 5: Commercial kits

Kit/ Art. no. (#)

Description

Supplier

NucleoSpin® Extract Il kit

DNA purification of agarose

gels and PCR mix

Macherey-Nagel (Diren, DE)

NucleoSpin® Plasmid

QuickPure

Mini DNA preparation

Macherey-Nagel (Diren, DE)

NucleoBond® Xtra Midi/ Maxi

Midi DNA preparation

Macherey-Nagel (Diren, DE)

Table 6: Software

Software

Description

Supplier/URL

Adobe lllustrator CC 2017

Graphics editor

Adobe Systems, Inc. (San Jose, US)

Adobe Photoshop CS4

Image processing

Adobe Systems, Inc. (San Jose, US)

ApE A plasmid editor Ver
2.0.47

Cloning strategies

biologylabs.utah.edu/jorgensen/wayn
ed/ape/

EndNote X7

Reference management

Thomson Reuters (Toronto, CA)

GraphPad Prism 7

Statistical analysis and

graphics

GraphPad Software, Inc. (La Jolla,
us)

Image J 1.48v

Image processing

https://imagej.nih.gov/ij/

Image Studio Lite

Western blot analysis

LI-COR Biosciences (Bad Homburg,
DE)

Microsoft Excel 2011

Spreadsheet

Microsoft (Redmond, US)

Microsoft Power Point 2011

Presentation

Microsoft (Redmond, US)

Microsoft Word 2011

Word processing

Microsoft (Redmond, US)

SnapGene Viewer

Sequence analysis

GSL Biotech LLC (Chicago, US)

ZEN 2011

Confocal microscopy, image

acquisition and analysis

Carl
(Jena, DE)

Zeiss Microlmaging GmbH
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Materials and Methods

Table 7: Primary antibodies used for Western blotting or Inmunofluorescence

Antibody Application Species Supplier/ Art. no. (#)

14-3-3 0 WB, IF Mouse Santa Cruz Biotechnology,
#sc-69720

14-3-3 PAN WB Mouse Santa Cruz Biotechnology,
#sc-133233

ANP WB Rabbit GeneTex, #GTX109255

BNP WB Rabbit GeneTex, #GTX100538

CREB WB Mouse Cell Signaling Technology,
#9104

CREB (pSer133) WB Rabbit Cell Signaling Technology,
#9198

ERK WB Rabbit Cell Signaling Technology,
#9102

ERK (pThr202/ Tyr204) WB Rabbit Cell Signaling Technology,
#9101

GAPDH WB Rabbit Cell Signaling Technology,
#2118

Hsp60 WB Rabbit Cell Signaling Technology,
#4870

Hsp90 WwB Mouse Enzo Life Sciences, #SPA-
830

MyBPC WB Rabbit Santa Cruz Biotechnology,
#sc-67353

MyBPC (pSer282) WB Rabbit Enzo Life Sciences, # ALX-
215-057-R050

PDE3A WB, IP Rabbit Bethyl Laboratories, A302-
740A

PDE3A IP, IF Rat Custom-made, Eurogentec

PDE4A WB Rabbit Abcam, #ab14607

PDE5A WB Rabbit Abcam, #ab14672

PKA« cat WB Mouse BD Biosciences #610980

pSer/ Thr PKA WB Rabbit Cell Signaling Technology,

Substrate #9621

PKA Rlla WB Mouse BD Biosciences #612243

PKA Rlla (pSer96) WB Rabbit Epitomics, #1151-1

pSer PKC Substrate WB Rabbit Cell Signaling Technology,
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#2261

PLN WB Mouse Thermo Fisher Scientific,
#MA3-922

PLN (pSer16) WB Rabbit Upstate Biotechnology,
#P26678

RhoA WB Mouse Santa Cruz Biotechnology,
#sc-418

RhoA (pSer188) WB Rabbit Abcam, #ab41435

RyR2 WB Mouse Thermo Fisher Scientific,
#MA3-916

RyR2 (pSer2808) WB Rabbit Abcam, #ab59225

Troponin | WB Rabbit Cell Signaling Technology,
#4002

Troponin | (pSer23/24) WB Rabbit Cell Signaling Technology,

#4004

Table 8: Secondary antibodies used for Western blotting or Inmunofluorescence

Antibody Application Species Supplier/ Art. no. (#)

Cy3-anti-Rabbit IgG IF Mouse Jackson ImmunoResearch
Laboratories;  #211-165-
109

Cy5-anti-Mouse IgG IF Goat Jackson ImmunoResearch
Laboratories;  #115-165-
003

Peroxidase (POD)-anti- WB Donkey Jackson ImmunoResearch

goat IgG Laboratories;  #705-035-
147

POD-anti-mouse IgG WB Donkey Jackson ImmunoResearch
Laboratories;  #705-035-
151

POD-anti-rabbit IgG WB Donkey Jackson ImmunoResearch
Laboratories;  #705-035-
152

POD-anti-rat IgG WB Donkey Jackson ImmunoResearch
Laboratories;  #705-035-
153

POD-anti-sheep IgG WB Donkey Jackson ImmunoResearch

Laboratories;  #713-035-
147
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4.1.3. Buffers and chemicals

Table 9: Buffers and solutions

Buffer/ solution

Composition/ Supplier/ Art. no. (#)

Bio Quenching buffer

50 mM NH4Cl in 1X PBS

Blocking buffer (IF)

0.27 % fish skin gelatin in 1x PBS

Blocking buffer (Western blot)

5 % bovine serum albumine (BSA) or 5 % skim milk in 1x
TBS-T

Coomassie fixation solution

40 % acetic acid, 10 % ethanol

Coomassie staining solution

0.025 % Coomassie brilliant blue; 10 % acetic acid

Coomassie destaining solution

10 % acetic acid

Lammli sample buffer

40 % glycerol; 8 % SDS; 0.4 % bromophenol blue; 312.5
mM Tris-HCI; 200 mM DTT; pH 6.8

Lysis buffer

MLB: PhosSTOP EASY; Complete mini EDTA-free
SLB: PhosSTOP EASY; Complete mini EDTA-free
RIPA: PhosSTOP EASY; Complete mini EDTA-free

Mild lysis buffer (MLB)

0.2% Triton X-100, 2 mM EDTA, 2 mM EGTA in 1x DPBS

Phosphate-buffered saline (PBS)

137 mM NaCl; 2.7 mM KCI; 1.5 mM KH2POs4; 8.1 mM
Naz2HPO4; pH 7.4

RIPA buffer

50 mM Tris-HCI, pH 7.4; 150 mM NaCl; 1 % Triton X-100;
1 % sodium deoxycholate; 0.1 % SDS; 1 mM EDTA

SDS-polyacrylamide gel electrophoresis
(PAGE) running buffer

25 mM Tris; 192 mM glycine; 0.1 % SDS

Semi-dry transfer buffer

48 mM Tris; 39 mM glycine; 20 % methanol, 1.3 mM SDS

Separating gel buffer

0.625 M Tris-HCI; pH 6.8

Standard lysis buffer (SLB)

10 mM K2HPOg4; 150 mM NaCl; 5 mM EDTA; 5 mM EGTA,;
0.5 % Triton X-100; pH 7.4; 0.2 % sodium deoxycholate

Stacking gel buffer

0.75 M Tris-HCI; pH 8.8

Tank blot transfer buffer

20 mM Tris; 150 mM glycine; 10 % methanol, 0.02 % SDS

TBS + Tween (TBS-T)

1x TBS; 0.05 % Tween-20

TransBlot Turbo transfer buffer (1X)

20% (v/v) Trans blot transfer buffer (5X); 20% (v/v) 100%
ethanol

Tris-acetate-EDTA (TAE) buffer

40 mM Tris; 1 mM EDTA; 1.14 % (v/v) glacial acetic acid

Tris-buffered saline (TBS)

10 mM Tris-HCI, pH 7.4; 150 mM NaCl

Trypsin-EDTA

Biohrom AG (Berlin, DE); #L2153
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Table 10: Media, chemicals and fluorescent dyes

Substance

Supplier/ Art. no. (#)

30% Acrylamide / Bis Solution

Bio-Rad Laboratories GmbH (Miinchen, DE);
#1610156

4’, 6-Diamidine-2’-phenylindole dihydrochloride
(DAPI)

Roche Diagnostics GmbH (Mannheim, DE);
#10236276001

6X DNA loading buffer blue

New England BioLabs (Ipswich, US); #B7025S

Anti-FLAG® M2 Magnetic Beads

Sigma-Aldrich, #M8823

BAY 41-8543

Cayman Chemical (Michigan, US)

Bovine Serum Albumin (BSA)

SERVA Electrophoresis GmbH (Heidelberg, DE);
#11926.04

Cilostamide Sigma-Aldrich, #C7971

Complete mini EDTA-free Roche Diagnostics (Mannheim, DE);
#REF0693159001

Coomassie PlusTM Protein Assay Reagent Thermo Fisher Scientific (Bonn, DE); #1856210

DMEM, GlutaMAXtm Life Technologies GmbH (Darmstadt, DE);
#21885108

DPBS (1X) with Ca?* Mg?* GE Healthcare, #H15-001

DPBS (10X) Life Technologies GmbH (Darmstadt, DE);

#14200067

Fetal bovine serum (FBS) superior

Biochrom AG (Berlin, DE), #50613

Forskolin

Biaffin GmbH & Co KG Life Sciences Institute
(Kassel, DE); #PKE-FORS-050

HyperLadder | (HyperLadderTM 1kp)

BioLine GmbH (Luckenwalde, DE); #BI033053

HyperLadder Il (HyperLadderTM 50bp)

BioLine GmbH (Luckenwalde, DE); #BI033054

IBMX

Sigma-Aldrich, #15879

Immobilontmy Western Chemiluminescent HRP

substrate

Merck Millipore (Schwalbach, DE); #WBKLS0500

Immu-Mountm

Thermo Fisher Scientific (Bonn, DE); #99-904-12

(+)-Isoproterenol hydrochloride

Sigma-Aldrich, #15627

Lipofectamine™ 2000

Invitrogen (Carlsbad, US)

Milrinone

Sigma-Aldrich, #M4659

OptiMEM

Life Technologies GmbH (Darmstadt,
#31985

DE),

Penicillin/Streptomycin (P/S)

Biochrom/ Merck Millipore (Schwalbach, DE);
#A2213

Phorbol-12-myristate-13-acetate (PMA)

Sigma-Aldrich, #P1585

PhosSTOP EASY pack

Roche
#REF04906837001

Diagnostics (Mannheim, DE);
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Precision Plus Protein Standard Dual Color

Bio-Rad Laboratories GmbH (Miinchen, DE);
#1610374

ProteinA-sepharose

Sigma-Aldrich, #P3391

Redsafe

Intron Biotechnology (Seongnam, KR); #21141

Skim milk powder

Fluka Analytical/ Sigma (Taufkirchen, DE);
#70166

TransBlot Turbo transfer buffer (5X)

Bio-Rad Laboratories GmbH (Miinchen, DE);
#1610156

Trypsin-EDTA (0.5%)

Biochrom/ Merck Millipore (Schwalbach, DE);

#L2153

4.1.4. Plasmids

Table 11: Plasmids

Plasmid name Vector Resistance Supplier/ Art. no. (#)

CFP pcDNA3 Ampicilin Addgene (Cambridge, US);
#13030

CFP-YFP pcDNA3 Ampicilin Kindly provided by Dr. Claudia
Rutz, Leibniz-Forschungsinstitut
fir Molekulare Pharmakologie
(FMP) (Berlin, Germany)

ICUE3 pcDNA3 Ampicilin Addgene (Cambridge, US);
#61622

LynICUES3 pcDNA3 Ampicilin Addgene (Cambridge, US);
#61623

PDE3A1-A3aa-mCherry pcDNA3.1 Kanamycin Self-generated

PDE3A1-G449S-mCherry pcDNA3.1 Kanamycin Self-generated

PDE3A1-R862C-mCherry pcDNA3.1 Kanamycin Self-generated

PDE3A1-T445N-mCherry pcDNA3.1 Kanamycin Self-generated

PDE3A1-WT-mCherry pcDNAS3.1 Kanamycin Self-generated

PDE3A2-A3aa-mCherry pcDNA3.1 Kanamycin Self-generated

PDE3A2-G449S-mCherry pcDNA3.1 Kanamycin Self-generated

PDE3A2-R862C-mCherry pcDNA3.1 Kanamycin Self-generated

PDE3A2-T445N-mCherry  pcDNA3.1 Kanamycin Self-generated

PDE3A2-WT-mCherry pcDNAS3.1 Kanamycin Self-generated

PDE3A2-A3aa -Flag pcDNA3.1 Ampicilin Cloned by Dr. Carolin

Schéchterle
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PDE3A2-T445N-Flag pcDNAS3.1 Ampicilin Cloned by Dr. Carolin
Schéachterle

PDE3A2-WT-Flag pcDNAS.1 Ampicilin Cloned by Dr. Carolin
Schéachterle

Venus mVenus-C1 Kanamycin Addgene (Cambridge, US);
#27794

4.1.5. Oligonucleotides

Table 12: DNA oligonucleotides used for cloning, site-directed mutagenesis and sequencing.

Name Use DNA Sequence 5’ > 3’
ICUE3 -1 Fw Sequencing TGCCCGACAACCACTACCTG
ICUE3 -2 Fw Sequencing GAGCTTCTGTTGGAGGCCATG
ICUE3 -3 Fw Sequencing ATGAGCTGATCCCACACCCTG
ICUE3 -4 Fw Sequencing CCAGCACCTGGGCTTATGTC
pCMV Fw Sequencing GAGCTCGTTTAGTGAACCGTC
PDE3A catalytic domain Fw  Sequencing  ATCCCTGCCTTGGAGTTGATG
PDE3A end Fw Sequencing AGTCGCACTCTTCAGAACAGA
PDE3A exon 4 Fw Sequencing CTCCTGGCAGACCCTTCTCTT
PDE3A start Fw Sequencing CAAGGGAATCCTGCTGATGAG

PDE3A-A3aa Fw

Site-directed

mutagenesis

GGT AGA CCT GTG GCG GTG GTC CAAGTG G

PDE3A-A3aa Rv

Site-directed

mutagenesis

CCACTT GGACCACCGCCACAGGTCTACC

PDE3A-G449S Fw

Site-directed

mutagenesis

ACC TCG GCC ACAAGT CTACCCACCT

PDE3A-G449S Rv

Site-directed

mutagenesis

AGG TGG GTAGACTTGTGG CCGAGGT

PDE3A-R862C Fw

Site-directed

mutagenesis

GGCGGTGCTATATAACGATTGTTCAGTTTTGGAGA
ATCA

PDE3A-R862C Rv

Site-directed

mutagenesis

TGATTCTCCAAAACTGAACAATCGTTATATAGCAC
CGCC

PDE3A-T445N Fw

Site-directed

mutagenesis

GGACCACCACCAACTCGGCCACAGG

PDE3A-T445N Rv

Site-directed

mutagenesis

CCTGTGGCCGAGTTGGTGGTGGTCC

PDE3A2WT-ICUE3 Fw

Cloning

TATCAGGCTAGCATGTCCGGCTGCAGCAGCAAG

PDE3A2WT-ICUE3 Rv

Cloning

CAATGGATCCTTCTGGTCTGGCTTTTGGGTTGG
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T7 promoter Fw Sequencing TAATACGACTCACTATAGGG

4.1.6. Enzymes and cloning reagents

Table 13: Enzymes and PCR reagents

Concentration

Enzyme/ Reagent

Supplier/ Art. No. (#)

Agel-HF 20.000 U/mL New England BioLabs (Ipswich,
US); #R3552S

BamHI-HF 20.000 U/mL New England BioLabs (Ipswich,
US); #R3136S

CutSmart buffer 10x New England BioLabs (Ipswich,
US); #B7204S

dNTP mix 5mM Robklon GmbH (Berlin, DE),
#E2800-04

Dpnl 20.000 U/mL New England BioLabs (Ipswich,
US); #R0176S

MgCl2 25 mM Robklon GmbH (Berlin, DE),
#E2500-01

Nhel-HF 20.000 U/mL New England BioLabs (Ipswich,
US); #R3131S

Notl-HF 20.000 U/mL New England BioLabs (Ipswich,
US); #R3189S

PfuUltra Il Fusion HotStart DNA 2500 U/ml Agilent  technologies (Santa

Polymerase Clara, US), #600670

PfuUltra Il reaction buffer 10x Agilent technologies (Santa
Clara, US), #600670

T4 ligase 400.000 U/mi New England BioLabs (Ipswich,
US); #M0202S

T4 ligase reaction buffer 10x New England BioLabs (Ipswich,
US); #M0202S

Xhol 20.000 U/mL New England BioLabs (Ipswich,

US), #R0146S

51



Materials and Methods

4.1.7.Bacterial strains

Table 14: Bacterial strains

Bacterial strain Genotype Supplier

E.coli DH5-a F-endA1 gInV44 thi-1 recA1 relA1 gyrA96 New England BiolLabs
deoR nupG purB20 @80dlacZAM15 A(lacZYA- (Ipswich, US)
argF) U169, hsdR17(rK—mK+), A—

4.1.8. Bacterial growth medium

Table 15: Growth media for bacteria

Bacterial growth medium Composition

Lysogeny broth (LB) medium 10 g/l peptone; 5 g/l yeast extract; 5 g/l NaCl, pH 7.5

For LB agar plates, the LB medium was supplemented with 15 g/L agar and 100

ug/mL ampicillin or kanamycin.

4.1.9. Eukaryotic cells

Table 16: Eukaryotic cell lines

Cell lines Description Culture medium Supplier/ Art. No. (#)
HEK293 Human embryonic DMEM-GlutaMAX™ (Life Deutsche Sammlung von
kidney cell line Technologies GmbH, Darmstadt, Mikroorganismen und

DE; #21885108); 10 % fetal calf Zellkulturen GmbH (DSMZ;
serum (FCS); 1 % Braunschweig, DE);
penicillin/streptomycin (P/S) (100 #ACC305
U/ml)

HelLa-S3 Human cervical DMEM-GlutaMAX™ (Life DSMZ (Braunschweig DE);

adenocarcinoma  Technologies GmbH, Darmstadt,
DE; #21885108); 10 % FCS; 1 %
P/S (100 U/ml)

HoC2 Rat  embryonic DMEM-GlutaMAX™ (Life ATCC, LGC Standards
myoblast cell line  Technologies GmbH, Darmstadt, GmbH (Wesel, DE); # CRL-
DE; #21885108); 10 % FCS; 1 % 1446
P/S (100 U/ml)
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4.2. Methods

4.2.1.Cell culture

HEK293, HelLa and H9C2 cells were grown in DMEM-GlutaMAX™ medium
(Table 16). The cells were washed with 5 mL pre-heated PBS and detached using 3
mL 1X Trypsin-EDTA for 1-5 min at 37 °C. Trypsinization was stopped by adding 7
mL of serum-containing medium. A defined volume of cell suspension (e.g. 1 mL for
1:10 dilution) was then transferred into a new cell culture flask and fresh serum and
Penicillin/Streptomycin (P/S)-containing DMEM-GlutaMAX™ medium was added.

4.2.2. Transfection

HEK293 cells were transfected with the above-mentioned plasmids (Table 11)
using Lipofectamine 2000. Plasmids (1 ug/uL) and Lipofectamine (2 uL per 1 ug/uL
DNA) were resuspended in OptiMEM and incubated for 5 min at room-temperature
(RT). The Lipofectamine mixture was added to the DNA mixture (1:1) and incubated
for 25 min at RT. During this time, the serum and P/S-containing DMEM-GlutaMAX™
medium was replaced with P/S-free DMEM-GlutaMAX™. Next, the
Lipofectamine/DNA mixture was added onto the cells and incubated for 5 hours at 37
°C. The P/S-free medium was replaced by medium containing P/S and the cells were

used for imaging or harvested 24 hours post transfection.

4.2.3. Fluorescence Resonance Energy Transfer (FRET)

measurements

HEK293 cells (3 x 10° cells per well) were seeded onto poly-L-lysine
hydrobromide pre-coated glass coverslips in 6-well plates. Transfections for transient
expression were performed 24 hours post seeding using 1 ng/uL plasmid DNA and 2
uL Lipofectamine 2000 per 1 ug/uL DNA. The cells were transfected either with the
indicator of cAMP using Epac (ICUE3) sensor alone or co-transfected with the sensor
and the WT or mutant (T445N, A3aa and G449S) PDE3A2-mCherry constructs. The
cells were also transfected with negative controls, namely cyan fluorescent protein

(CFP), either alone or together with Venus, a variant of yellow fluorescent protein
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(YFP), or with a CFP-YFP tandem construct representing the positive control to
determine the maximum FRET signal.

The cytosolic Epac-based sensor, ICUE3 (Figure 8), consists of the cAMP
binding domain of the Epac protein, which is flanked N-terminally by CFP and C-
terminally by Venus. Under low cAMP levels, for example upon cAMP degradation by
PDEs, the sensor is predominantly in a closed conformation and the distance
between CFP and Venus is 10 nm or smaller. Therefore, upon excitation of CFP at
435 nm, the emission of Venus at 532 nm is predominantly observed, indicating high
FRET. Upon cAMP binding to the Epac moiety, the sensor undergoes a
conformational change and the distance between the two fluorophores increases to
greater than 10 nm. In this state, little or no energy transfer will occur between CFP
and Venus upon donor excitation resulting in low FRET, as indicated by
comparatively higher measurements of 468 nm emissions from CFP than in the
unbound state (Figure 8).

Low cAMP - High FRET High cAMP - Low FRET

435 nm 468 nm 532 nm

Epac cAMP binding domain

Figure 8: Principle of FRET illustrated using the cytosolic sensor ICUE3. The cytosolic FRET
sensor, ICUE3, consists of a truncated version of the exchange factor activated by cAMP (Epac)
containing the cAMP binding domain, flanked by the two fluorophores CFP and Venus. If cAMP levels
are low, the sensor is predominantly found in a closed conformation, CFP and Venus are found in
close proximity to each other (< 10 nm) allowing FRET to occur. Elevation of cAMP levels leads to
cAMP binding to the Epac moiety, which induces a conformational change that separates the two
fluorophores (> 10 nm), therefore preventing FRET (DiPilato and Zhang 2009).
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FRET measurements were carried out 24 hours after transfection using an
inverted confocal laser scanning microscope (CLSM510-META-NLO; Carl Zeiss)
equipped with a Plan-Neofluar 40X/1,3 (Oil) in order to determine PDE3A activity.
The excitation and emission intensities as well as the corresponding lasers are the
following: CFP, excitation at 810 nm (Chameleon™ diode-pumped laser; Coherent)
and emission between 430 to 505 nm; Venus or YFP, excitation at 514 nm (argon
laser) and emission 520 to 560 nm; mCherry, excitation at 543 nm and a long-pass
(LP) 560 nm emission filter for fluorescence detection; FRET, excitation at 810 nm
and emission between 430 and 655 nm. A A-stack (images of the same specimen
are acquired at different wavelengths) with a linear spectral unmixing mode was
employed to correct any CFP fluorescence cross-talk into the FRET channel (523-
532 nm) and to calculate the FRET-based fluorescence. The A-stack is an integral
part of the confocal laser system software. In order to correct for direct excitation of
the acceptor during donor excitation YFP correction was carried out.

FRET measurements for the ICUE3 sensor alone or when co-expressed with
the various PDE3A-mCherry constructs were performed either in the absence of any
treatment or in the presence of forskolin with or without milrinone, cilostamide or BAY
41-8543. The effect of treatments with the above-mentioned pharmacological agents
on the cAMP levels is expressed as the FRET ratio, which is calculated by dividing
the acceptor emission (Venus) at 532 nm by the donor emission (CFP) at 468 nm.
The increase in cAMP levels compared to the basal is indicated by the percentage
change in the FRET signal (AFRET (%)). This was calculated by subtracting the
FRET ratio obtained upon stimulation from the corresponding FRET ratio of the
control condition, which was then normalized to the FRET ratio of the control
condition and finally multiplied by 100 to yield the percentage. The AFRET positively
correlates with the cAMP concentration, meaning high AFRET shows high cAMP

levels.

4.2.4.Cell and tissue lysis

Eukaryotic cells were washed once with ice-cold PBS. The cells were scraped
in ice-cold lysis buffer and transferred into a 1.5 mL or 2 mL reaction tube and lysed
by passing them through a syringe fitted with a 20 G x 1.5” hypodermic needle 5
times. Isolated left ventricles or aortas from rats were homogenized with a disperser
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homogenizer (Table 3) in lysis buffer. Cell debris was removed by centrifugation at 4
°C for 10 min at 14,000 rpm and the supernatant was used in order to determine the

protein concentration.

4.2.5. Bradford assay and sample preparation

The protein concentration of the cell or tissue lysates was determined using
the Coomassie Plus Bradford protein assay (Table 10) according to the
manufacturer’s protocol. The assay is a colorimetric method in which the proteins
bind to the Coomassie in an acidic environment, leading to a color change from
brown to blue, which is then measured as an absorption maximum shift from 465 nm
to 595 nm (the higher the absorption at 595 nm within a sample, the more protein the
sample contains). In a 96-well plate, triplicates of 5 uL from each sample as well as
of protein standards of defined concentration of 0.125-2 mg/mL were mixed with 250
ul of the Coomassie reagent, per well. An Enspire® microplate reader was used to
measure the absorbance at 595 nm. Using the absorbance of the standards as a
reference, the protein concentration of the samples was determined. The lysates
were used to prepare samples of specific concentrations by adding appropriate
volumes of Lysis buffer and/or Laemmli sample buffer (Table 9).

4.2.6. Immunoprecipitation

Cell lysates were incubated overnight (O/N) at 4 °C with Protein A sepharose
beads (Table 10) and a specific antibody (Table 7), while rotating and shaking. An
aliquot of the lysate (total protein, input) was collected and following Laemmli sample
buffer (Table 9) addition, boiled for 10 min at 95 °C. The following day, the beads
were sedimented by centrifugation for 2 min at 210 x g and 4 °C and the supernatant
samples were collected, mixed with Laemmli sample buffer and boiled at 95 °C for 10
min. The beads were then washed four times with the lysis buffer (Table 9)
supplemented with protease and phosphatase inhibitors. After the last washing step,
the proteins were eluted from the beads with Laemmli sample buffer addition and

incubation for 10 min at 95 °C, while vortexing.
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4.2.7. Immunoblotting

4.2.7.1. Sodium dodecyl sulfate (SDS)-Polyacrylamide gel
electrophoresis (PAGE)

SDS-PAGE is a technique employed to separate charged molecules according
to their molecular weights in an electric field. SDS is used to unfold and mask the
intrinsic charges of proteins, resulting in proteins having very similar charge-to-mass
ratios. In this way, upon application of an electric field, the proteins migrate through
the gel matrix towards the anode with a different velocity according to their mass,
with the low molecular weight proteins moving at a faster rate than the high molecular
weight ones. Proteins were denatured in Laemmli sample buffer (Table 9) for 5 min
at 95 °C and were separated at 25 mA per gel either on 8 %, 10 % or 12 % SDS-
PAGE gels or on 4-20 % precast protein gels (Table 4). Standardized protein
molecular weight markers (Table 10) were used as a reference to determine the

molecular weights of the proteins during separation.

4.2.7.2. Western blotting

Proteins separated by SDS-PAGE were transferred onto polyvinylidene
fluoride (PVDF) membranes (Table 3), which had been activated with 99 % ethanol
(Table 4). The transfer was achieved either using a wet transfer system/tank blot and
tank blot transfer buffer (Table 9) (110 V, 2 hours and 4 °C) or by TransBlot Turbo
transfer system (Table 3) (1.3 A/stack, 25V, 10 min, RT) using the TransBlot Turbo
transfer buffer (1X) (Tables 9 and 10).

4.2.7.3. Immunodetection

Following the Western blot procedure, to prevent non-specific binding of
antibodies, the membranes were incubated in blocking buffer (either in 5 % skim milk
or 5 % BSA in TBS-T (Table 9)) for 1 hour at RT under constant agitation. Next, the
membranes were incubated O/N with primary antibody (Table 7) diluted in blocking
buffer (Table 9) at 4 °C. The following day, the membranes were washed 3 x 10 min
with TBS-T and then incubated for 1 hour with secondary antibody (Table 8) coupled
to horseradish peroxidase (HRP) diluted in blocking buffer. Membranes were washed
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3x 10 min in TBS-T and proteins were detected by enhanced chemiluminescence
using an HRP substrate (Table 10).

4.2.7.4. Coomassie staining

Proteins separated by SDS-PAGE were fixed in gel using Coomassie fixation
solution (Table 9) for 1 min at RT. Protein staining was performed with Coomassie
staining solution (Table 9) for 1 hour at RT, followed by the destaining procedure
done O/N at RT using the Coomassie destaining solution (Table 9).

4.2.8. Mass Spectrometry

After Coomassie Brilliant Blue staining, the lanes of interest were excised from
the gel and minced to approximately 2 mm? pieces. The gel pieces were digested
with trypsin. Reduction of disulfide bonds and alkylation was not carried out. Samples
were measured using the Thermo Orbitrap Elite, coupled to UltiMate 3000 RSLC
nano LC system at the Leibniz-Forschungsinstitut fur Molekulare Pharmakologie
(FMP; Berlin, Germany). The MaxQuant software package version 1.5.5.1 was used

for the analysis (FMP; Berlin, Germany).

4.2.9. Immunofluorescence microscopy

HIOC2 cells were seeded onto 12 mm coverslips placed into 35 mm cell culture
dishes. The cells were treated either with forskolin, or PMA or the combination of
both compounds for 30 min. Next, the medium was aspirated, the cells were washed
once with 1X PBS and then fixed with 10 % trichloroacetic acid for 10 min at RT.
Upon removal of the fixing solution, the cells were washed three times with 1X PBS
and then permeabilized with 0.1 % Triton-X for 5 min at RT, followed by three other
washing steps with 1X PBS. The cells were blocked with blocking buffer (Table 9) for
1 hour at 37 °C in order to decrease the unspecific binding. The primary antibody
(Table 7) was diluted in blocking buffer (Table 9) and 35 uL antibody dilution was
added onto each coverslip. The incubation was performed in a wet chamber for 1.5
hours at 37 °C and was followed by three washings with 1X PBS. The coverslips
were incubated simultaneously in a wet chamber for 1 hour at 37 °C with a
fluorophore-coupled secondary antibody (Table 8) diluted in blocking buffer (Table 9)
and DAPI (Table 10) for staining cell nuclei. The coverslips were washed three times
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with 1X PBS and finally mounted on microscope slides using Immu-Mount™ (Table
10). The samples were stored O/N at 4 °C.

4.2.10.Confocal microscopy (Laser scanning microscope (LSM)
780)

The coverslips were analyzed via confocal microscopy using a laser scanning
microscope (LSM) 780 at the Leibniz-Forschungsinstitut fur Molekulare
Pharmakologie (FMP; Berlin, Germany). The images were captured at 40X
magnification and three channels were recorded: DAPI (laser: 405 nm and filter: 415-
495 nm), Cy3 (laser: 561 nm and filter: 566-631 nm) and Cy5 (laser: 633 nm and
filter: 638-740 nm).

4.2.11.Molecular cloning

4.2.11.1.Polymerase Chain Reaction (PCR) with non-

complementary primers

PCR reactions with non-complementary primers were used in order to amplify
specific regions or delete specific nucleotides from certain DNA constructs. For this
purpose, specific forward and reverse DNA primers were utilized. The composition of
the PCR reaction is described in Table 17, while the PCR reaction protocol is
detailed in Table 18.

Table 17: Composition of PCR mix

Component Volume [pL] Final amount
DNA template [5 ng/pL] 2.5 12.5 ng

Fw primer (10 uM) 2 0.4 uM

Rv primer (10 uM) 2 0.4 uM

PfuUltra Il polymerase (2.5 1 puL 25U

U/ul)

PfuUltra Il reaction buffer (10X) 5 1x

dNTP mix (5 mM) 5 0.5mM

MgCl2 (25 mM) 2 1 mM

ddH20 (RNase free) ad 50 pL
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Table 18: PCR protocol

Step Temperature [°C] Time [min] Cycles

1. Preheating 92 2

2. Denaturation 92 0.5

3. Annealing 60 1

4. Elongation 68 0.5 Repeat with step 2, 30x
5. Precooling 68 1

6. Cooling 4 o0

4.2.11.2. Site-directed mutagenesis

PCR was used to introduce specific point mutations into plasmid DNA. For
this, primer pairs carrying the specific mutations were used (Table 12). The
mutagenesis PCR mixture and reaction protocol are described in Tables 19 and 20.
Next, the plasmid DNA was incubated with Dpnl restriction enzyme for 1 hour at 37
°C in order to degrade the methylated, non-mutated, parental DNA. The enzyme was

inactivated by incubation at 80 °C for 10 min.

Table 19: Composition of mutagenesis PCR mix

Component Volume [pL] Final amount
DNA template [1 ng/pL] 20 10-25ng

Fw primer (10 uM) 2 0.4 uM

Rv primer (10 uM) 2 0.4 uM

PfuUltra Il polymerase (2.5 1 puL 25U

U/ul)

PfuUltra Il reaction buffer (10X) 5 1x

dNTP mix (5 mM) 5 0.5 mM

MgCl2 (25 mM) 2 1 mM

ddH:20 (RNase free) ad 50 pL

Table 20: Mutagenesis PCR protocol

Step Temperature [°C] Time [min] Cycles

1. Preheating 92 2
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2. Denaturation 92 0.5

3. Annealing 55 1

4. Elongation 68 1/ Kb of template Repeat with step 2, 30x
5. Precooling 68 Double as step 4

6. Cooling 4 0

4.2.11.3.DNA cleavage with restriction endonucleases

Digestion of DNA fragments was carried out for 1 hour at 37 °C. Depending on
the pair of enzymes used (Table 13), the reactions were heated for additional 10 min
to either 65 °C or 80 °C in order to inactivate the enzymes. The components and

amounts used in the reaction mixture are described in Table 21.

Table 21: Composition of plasmid and insert digestion

Component Volume [pL] Final amount
Plasmid [1 ug/uL] 5 5pug

Restriction enzyme | 1 20U

Restriction enzyme |l 1 20U

Cut Smart buffer (10X) 5 uL 1x

ddH20 (RNase free) ad 50 pL

4.2.11.4. Agarose gel electrophoresis

The DNA fragments were visualized by agarose gel electrophoresis. Agarose
(1 % (w/v)) was dissolved in TAE buffer (Table 9) and boiled in a microwave oven
until the solution became clear. Afterwards, the agarose solution was left to cool
down to approximately 50 °C, after which, the DNA stain Redsafe (Table 10;
1:20,000) was added and the gels were cast. After the gels polymerized, 5 uL of the
PCR reaction or the entire digestion reaction were mixed with DNA loading buffer
and loaded onto the gel. The DNA molecular weight standard HyperLadder | or Il was
run alongside the samples in order to be able to determine the size of the DNA
fragments. The gels were run for 60 min in 1X TAE buffer at 130 V and the DNA was
visualized using a GelDoc 2000 imaging system with a 520 nm filter (Table 3).
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4.2.11.5.DNA purification from agarose gels

The DNA band of interest was excised from the agarose gel and purified using
a NucleoSpin® Extract Il kit (Table 5) according to the manufacturer’s instructions.

4.2.11.6.Ligation

The insert and vector fragments were mixed in a molar ratio of 3:1 and
incubated together with the DNA Ligase and T4 ligase reaction buffer O/N at 16 °C,
as described below (Table 22):

Table 22: Composition of plasmid and insert ligation

Component Volume [pL] Final amount

Plasmid 1 100 ng

Insert X Insert: plasmid molar ratio of 3: 1
T4 ligase 1 400 U

T4 ligase buffer (10X) 2 uL 1x

ddH20 (RNase free) ad 20 pL

4.2.11.7. Transformation

In order to introduce DNA into the bacteria, plasmid DNA was added to E.coli
DH5a chemically competent cells, which were then incubated on ice for 10 min. A
heat shock of 90 sec at 42 °C was used to promote bacterial uptake of the foreign
DNA, which was followed by 5 min incubation on ice. Next, the transformed bacteria
were incubated for 1 hour at 37 °C in normal LB medium under continuous agitation.
Lastly, the bacteria were plated onto ampicillin or kanamycin containing agar plates
and incubated O/N at 37 °C.

4.2.11.8.Culture inoculation

Single bacterial colonies were picked and grown O/N at 37 °C in 4 mL LB
medium supplemented with 100 pg/ mL ampicillin or kanamycin. In order to grow
larger cultures, 1 mL of the bacterial preculture was transferred to 200 mL LB

medium containing 100 ug/mL ampicillin or kanamycin and were grown O/N at 37 °C.

62



Materials and Methods

4.2.11.9.DNA isolation and purification

The grown bacteria was harvested and the DNA was isolated using either the
NucleoSpin® Plasmid QuickPure kit (for minipreparation of plasmid DNA) or the
NucleoBond® Xtra Midi/ Maxi (for the midi or maxi preparation of plasmid DNA)

according to the manufacturer’s instructions (Table 5).

4.2.11.10. DNA sequencing

The purified DNA was sequenced by LGC Genomics (Berlin, DE) using
standard and custom-made primers (Table 12) specific for the DNA of interest.

4.3. Statistical analysis

Statistically significant differences were determined with GraphPad Prism 7.0
software using one-way and two-way ANOVA and Bonferroni multi-comparison.
Significant differences are indicated as *p < 0.05; **p < 0.01; ***p < 0.001; ****p <
0.0001.
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5. Results
5.1. A deletion in the regulatory region of the PDE3A gene

recapitulates HTNB in a rat model

All HTNB-affected individuals have mutations within a 15-base pair (bp) region
of the PDE3A gene. The HTNB mutations cause amino acid substitutions and
deletions in a hotspot region of the N-terminal regulatory domain of PDE3A1 and
PDE3A2; however, direct evidence showing that the mutations cause the disease
was lacking. To validate that the mutations found in the regulatory region of the
PDE3A gene cause HTNB we generated in a collaborative approach a rat model
carrying an aberration in this region using CRISPR/Cas9. The animal model was
generated by deleting 9 bps from the Pde3a gene using CRISPR/Cas9 (Laboratory
of M. Bader, MDC). This deletion corresponds to the absence of three amino acids
(A3aa) in the hotspot region of PDE3A regulatory domain. Analogous to a human
deletion (Renkema et al. 2018), amino acids 441-443 are absent in the rat enzyme
and they are analogous to amino acids 444-446 (Thr-Thr-Ser) in the human protein.
HTNB is an autosomal dominant disease and therefore the patients carry the PDE3A
mutations on one allele. Thus, the heterozygous animals match the patient situation.
A rat model carrying a 20 bp deletion was also generated. The deletion causes a
frameshift mutation that introduces a stop codon, creating a short, truncated protein
that lacks the catalytic domain. This rat strain, when homozygous, represents a
functional deletion (DEL), since it lacks catalytically active PDE3A (Figure 9) (Ercu et
al. 2020).
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_ Human 445 446 447 449
Alignment T T T T S A T G L P T
CCACCACCACCTCGGCCACAGGTCTACCCACC

CAACTACCACCTCTGCCACAGGACTGCCTACC

T T T T S A T G L P T
Rat 442 443 444 446
Genetic A9bpAcAA---- - .- --_-CTGCCACAGGACTGCCTACC
letion
deletio A20bp/ AagA - - - - ool ACTGCCTACC
functional DEL

WT ...RSLPPGLLRRVSSTWTTTTSATGLPTLEPAPVRRDRSA...
Los.s of A3aa ...RSLPPGLLRRVSSTWTT---ATGLPTLEPAPVRRDRSA...
amino
acid functional DEL . ..RSLPPGLLRRVSSTWTTTTAYLGACASAEGPQRQHKAT sToP

Figure 9: HTNB rat model. A 9 bp deletion in the Pde3a gene corresponding to a 3-amino acid
deletion (A3aa) in the protein recapitulates HTNB in a rat model. Another rat model harbors a 20 bp
deletion in the PDE3A gene, thus resulting in a frameshift mutation and truncated, catalytically inactive
protein (functional DEL). Shown is the alignment between human and rat gene and protein sequences
(Ercu et al. 2020).

The heterozygous rats carrying the three amino acid deletion in PDE3A (A3aa
HET) had shorter digits as compared to wild-type (WT) and functional DEL animals,
resembling the HTNB phenotype observed in patients. This was confirmed by
MicroCT of the left forepaws with which the length of the metacarpal bone Il was
measured and quantified (Figure 10A; Preclinical Research Center, MDC).

Radio-telemetry measurements were performed in WT, A3aa HET,
homozygous A3aa (A3aa HOM), and functional DEL animals at age >9 months
(Laboratory of M. Bader, MDC). The systolic (SBP) and diastolic (DBP) blood
pressure values (mmHg) as well as the heart rate (beats per minute (BPM)) were

recorded and are summarized in Table 23.
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Table 23: Radio-telemetric blood pressure measurements. Systolic (SBP) and diastolic (DBP)
blood pressure (mmHg) as well as heart rate (BPM) values for WT (n = 6), A3aa HET (n = 4), A3aa
HOM (n = 4) and functional DEL (n = 5) rats.

Genotype SBP/DBP (mmHg) BPM
WT 125/88 297
A3aa HET 148/105 293
A3aa HOM 155/120 294
Functional DEL 115/84 330

The A3aa HOM (155/120 mmHgq) followed by the A3aa HET (148/105 mmHg)
rats had the highest mean blood pressure values respectively, followed by the WT
(125/88 mmHg) animals and lastly by the functional DEL (115/84 mmHg) group. The
systolic blood pressure differs significantly between all groups except between A3aa
HET and HOM rats (Supplemental Table S1). The diastolic blood pressure is
significantly different between all tested groups (Supplemental Table S1). With
respect to heart rates, the WT and A3aa animals had similar values (WT: 297 BPM,;
A3aa HET 293 BPM and A3aa HOM 294 BPM), whereas the functional DEL rats had
the highest values (330 BPM) (Figure 10B). Significantly different heart rates were
found between functional DEL rats and A3aa HET and HOM animals respectively
(Supplemental Table S1).

It was previously shown that VSMCs derived from patient mesenchymal stem
cells proliferated faster than those derived from unaffected individuals (Maass et al.
2015). To verify that the HTNB rats show signs of increased cellular proliferation,
morphological analysis of second-order mesenteric arteries from WT, A3aa HET and
functional DEL animals was employed (Laboratory of M. Bader, MDC). For this,
hematoxylin and eosin (HE) staining was performed and the media-to-lumen ratio
was calculated and quantified. The A3aa HET rats displayed increased media-to-
lumen ratio as compared to the WT animals, whereas the ratio of the functional DEL
animals was decreased compared to the WT controls (Figure 10C) (Ercu et al. 2020).

PDE3A is inhibited by cGMP (Movsesian 2016). The small molecule BAY 41-
8543 is a stimulator of soluble guanylyl cyclase (sGC), thereby promoting cGMP
production. WT and A3aa HET animals were treated with BAY 41-8543 and their
mean arterial pressure was measured (Laboratory of M. Bader, MDC). The
compound reduced the mean arterial pressure for both sets of animals, though more
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efficiently for the mutant rats, from 114 to 92 mmHg compared to 91 from 99 mmHg
for the WT animals (Figure 10D). Subsequent FRET experiments revealed that BAY
41-8543 caused inhibition of PDE3A (see below, Figure 20B). These data suggest
that activation of sGC and therefore inhibition of PDE3A could be a potential
treatment option for HTNB patients (Ercu et al. 2020).

HTNB patients present looping of their left-side posterior inferior cerebellar
artery (PICA) or of vertebral artery (Naraghi et al. 1997). MicroCT imaging of brain
vessels derived from WT and A3aa HET rats showed that the mutant animals also
have PICA loops, whereas no such loops were observed in the WT ones (Figure
10E; Preclinical Research Center, MDC) (Ercu et al. 2020).
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Figure 10: HTNB is recapitulated by a rat model expressing mutant (A3aa) PDE3A. (A) Upper
panel: MicroCT images of the left front paws. Lower panel: Quantification of the forepaw metacarpal
bone lll. Statistical analysis was carried out using one-way ANOVA and Bonferroni multi-comparison
(WT: n = 4; A3aa HET: n = 7; functional DEL: n = 5). Mean + SEM is plotted, **p < 0.01, ****p <
0.0001. (B) Radio-telemetry measurements for WT (black; n = 6), A3aa HET (red; n = 4), A3aa HOM
(blue; n = 4) and functional DEL (green; n = 5) rats. Blood pressure (systolic and diastolic, mmHg) and
heart rate (BPM) over time (> 10 days) are plotted. Curves depict loess fits with gray intervals
reflecting 95 % confidence intervals for loess parameters. Model expectation values for WT and
mutant rats are depicted by the horizontal lines and the lower black bars represent night periods. All p
values are listed in Supplemental Table S1. Significance (nested model likelihood ratio test p value)
and effect size (model fit parameter, same unit as vertical axis) is noted. (C) Media-to-lumen ratio is
increased in A3aa HET rats and decreased in functional DEL animals compared to the WT ones.
Upper panel: Representative images of mesenteric arteries from each rat genotype. Lower panel:
Quantifications of 3-5 mesenteric arteries per rat are shown. Statistical analysis was carried out using
one-way ANOVA and Bonferroni multi-comparison; n = 3 for WT, n = 3 for A3aa and n = 2 for
functional DEL. Mean + SEM is plotted, **p < 0.01, ***p < 0.001. (D) Mean arterial pressure
measurements for WT and A3aa HET animals upon treatment with the sGC stimulator BAY 41-8543.
Statistical analysis was carried out using one-way ANOVA and Bonferroni multi-comparison; n = 5 for
WT and n = 4 for A3aa HET rats. Mean + SEM is plotted, *p < 0.1, **p < 0.01 (E) MicroCT images of
rat brain vessels showing that A3aa HET but not WT rats exhibit PICA loops. Microfil was used to
perfuse brain vessels. Representative images for n = 5 for WT and n = 2 for A3aa HET rats are shown
(Ercu et al. 2020).

5.2. Elucidating molecular mechanisms underlying HTNB using

a rat model

5.2.1. PDE3A expression in the aorta of WT, A3aa HET and

functional DEL animals

To elucidate molecular mechanisms involved in the HTNB animal model, we
initially investigated the expression of PDE3A in the vessels of our model rats. For
this, aorta was chosen as a representative vessel and the expression of PDE3A in
WT, A3aa HET and functional DEL rats was assessed. Two PDE3A isoforms,
corresponding to PDE3A1 and PDE3A2, were detected in the aorta of WT and A3aa
HET rats and, as expected, were absent in the functional DEL animals. Lower levels
of both isoforms were detected in the A3aa HET animals as compared to the WT

ones (Figure 11) (Ercu et al. 2020). This could either be caused by impaired
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detection of the protein by the PDE3A-specific antibody or due to protein

degradation.
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Figure 11: PDE3A1 and PDE3A2 expression in the aorta of WT, A3aa HET and functional DEL
rats. Upper panel: PDE3A1 and PDE3A2 isoforms were detected by Western blotting in the aorta of
WT, A3aa HET and functional DEL rats. PDE3A was not detectable in functional DEL animals. Hsp60
and GAPDH were detected as loading controls. Lower panel: Semi-quantitative analysis of PDE3A1
and PDE3A2 variants by densitometric analysis. The expression levels of PDE3A1 and PDE3A2
isoforms normalized to the loading control, Hsp60, are plotted. Statistical analysis was carried out
using one-way ANOVA and Bonferroni multi-comparison; n = 4 independent experiments. Mean *
SEM is plotted, ***p < 0.001, ****p < 0.0001 (Ercu et al. 2020).

5.2.2. PDE3A deletion in the enzyme’s regulatory domain and

proliferation

We have shown that the HTNB rat model exhibits hyperplasia of second-order
mesenteric arteries (Figure 10C). To assess whether the same happens in the aorta,
HE staining was used to measure and compare the thickness of the aorta of WT,
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A3aa HET and functional DEL animals (Laboratory of M. Bader, MDC). More
specifically, the thickness of the aortic media layer, the wide middle layer consisting
of VSMCs, elastic tissue and collagen, was measured. No significant differences in
the thoracic aorta media thickness were observed between the three genotypes
(Figure 12) (Ercu et al. 2020).
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Figure 12: Similar thoracic aorta media thickness between WT and mutant rats. Hematoxylin and
eosin (HE) staining images of the aorta of WT, A3aa HET and functional DEL animals and the
corresponding quantification of media thickness are shown. Statistical analysis was carried out using
one-way ANOVA and Bonferroni multi-comparison; n = 5 animals per group. Mean = SD is plotted

(Ercu et al. 2020).
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To validate the finding that the aorta is not affected by smooth muscle cell
hyperproliferation, the level of proteins essential for cellular proliferation was
investigated in aorta from WT, A3aa HET and functional DEL rats. Cell proliferation is
promoted via activation of extracellular signal-regulated kinase (ERK) 1 (44 kDa) and
ERK2 (42 kDa) by phosphorylation at threonine and tyrosine residues 202 and 204
respectively (pThr202/Tyr204) (Chen, Sarnecki and Blenis 1992, Brunet et al. 1999,
Kraus et al. 2015, Schevzov et al. 2015, Mebratu and Tesfaigzi 2009) and via
activation of cAMP response element-binding protein (CREB) mediated by
phosphorylation at serine residue 133 (pSer133) (Hudson et al. 2018, Long et al.
2001, Struthers et al. 1991). Moreover, inhibition of Ras homology family member A
(RhoA) via phosphorylation at serine residue 188 (pSer188) has been shown to
inhibit cellular proliferation (Lang et al. 1996, Sawada et al. 2009, Liu et al. 2017). No
difference was observed in the expression levels of active ERK1/2 (pERK1/2) and
active CREB (pCREB) in aorta of the three genotypes. While the amount of inactive
RhoA (pRhoA) was significantly decreased in the aorta of functional DEL animals as
compared to the WT controls, there was no significant difference in the amount of
pRhoA expressed between aorta of WT and A3aa HET rats (Figure 13). These data
confirm the findings obtained by HE staining of thoracic aorta (Figure 12) and show

that media hyperplasia occurs only in second-order mesenteric arteries.
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Figure 13: Cell proliferation markers were similarly expressed in aorta of WT and HTNB mutant
rats. (A) Detection of phosphorylated and non-phosphorylated forms of cell proliferation markers
pERK and ERK, pCREB and CREB, pRhoA and RhoA by Western blotting in aorta of WT, A3aa and
functional DEL rats. Hsp60 was detected as a loading control. (B) Semi-quantitative analysis of
Western blots by densitometric analysis. The expression levels of the phosphorylated proteins
normalized to the expression levels of the non-phosphorylated proteins and then to the loading control
are plotted. Statistical analysis was carried out using one-way ANOVA and Bonferroni multi-

comparison; n = 3 independent experiments. Mean + SEM is plotted, *p < 0.1.

5.3. New human mutations in PDE3A
5.3.1.A new mutation in the regulatory region of the PDE3A

gene causes HTNB

The above-described data showed that the HTNB rat model resembles the
HTNB phenotype in patients and thus that the mutations in the hotspot region of
PDE3A regulatory domain are causative for HTNB. This conclusion was further
confirmed by yet another mutation that was discovered in the hotspot region. This
mutation causes a G449S substitution in PDE3A. A woman aged 54 years from
Germany having a history of hypertension of 17 years as well as cerebral seizures
and mild hypercholesterolemia was admitted to hospital due to severe hypertension
(190/100 mmHg). She was also diagnosed with brachydactyly type E, confirming the
diagnosis of HTNB (Figure 14). She did not show any symptoms of end organ
damage (e.g. left ventricular hypertrophy, macrovascular damage, renal failure) that
may have been caused by the severe hypertension. Her 23-year old daughter, who
suffers from moderate age-related hypertension and brachydactyly type E, was also
diagnosed with HTNB, having the same missense mutation in PDE3A (Figure 14)
(Ercu et al. 2020).
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Figure 14: A G449S substitution in PDE3A causes HTNB. A novel G449S substitution in the N-
terminal regulatory domain of PDE3A was found in a 54-year old woman and her 23-year old
daughter. A pedigree showing the affected individuals (black) is presented. Photographs and

roentgenograms displaying the hands and feet of the mother (1/2) are shown (Ercu et al. 2020).

5.3.2.A new mutation in the region encoding the catalytic
domain of PDE3A

A new missense mutation in exon 13 of PDE3A was discovered in a New
Zealand family. The mutation causes an R862C substitution within the enzyme’s
catalytic domain. All affected members suffer from brachydactyly type E. Members
where hypertension was documented are shown in black in the pedigree. The gray
proband did not display signs of hypertension since recordings of 122/84 mmHg were
obtained at the age of 23 (Figure 15A). These data indicate that the HTNB phenotype
is not 100 % penetrant when PDE3A mutations affect the region encoding for the
catalytic domain of PDE3A.
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Figure 15: Missense mutation identified in the region encoding the catalytic domain of PDE3A.
(A) A novel R862C substitution in the catalytic domain of PDE3A was found in a New Zealand kindred.
A pedigree showing the individuals carrying the mutations and affected (black) or not affected (gray)
by hypertension is presented. Roentgenograms displaying the right hand of patient 1lI/3 is shown. (B)
MicroCT images of the right front paws and quantification of the forepaw metacarpal bone IIl.
Statistical analysis was carried out using one-way ANOVA and Bonferroni multi-comparison (WT: n =
4; R862C: n = 7). Mean + SEM is plotted, ****p < 0.0001. (C) Radio-telemetry measurements for WT
and R862C rats. The average blood pressure (systolic and diastolic, mmHg) and heart rate (BPM) for
10 days are plotted. Statistical analysis was carried out using unpaired t-test (WT: n = 4; R862C: n =
4). Mean + SEM is plotted, *p < 0.1.

As a model, rats carrying this mutation were generated using CRISPR/Cas9
(Laboratory of M. Bader, MDC). Similar to what was observed for the A3aa HET
animals (Figure 10A), the heterozygous rats carrying the R862C substitution had
shorter digits as compared to the WT animals, therefore resembling the patient
skeletal phenotype. This was shown by MicroCT imaging of the right forepaws in
which the length of the metacarpal bone Ill was measured and quantified (Figure
15B; Preclinical Research Center, MDC).

Radio-telemetry measurements were performed in WT and R862C animals
(Laboratory of M. Bader, MDC) (Figure 15C). The systolic (SBP) and diastolic (DBP)
blood pressure values (mmHg) as well as the heart rate (beats per minute (BPM))

were recorded and are summarized in Table 24.

Table 24: Radio-telemetric blood pressure measurements. Systolic (SBP) and diastolic (DBP)
blood pressure (mmHg) as well as heart rate (BPM) values for WT (n = 4) and R862C (n = 4) rats.

Genotype SBP/DBP (mmHg) BPM
WT 121/90 314
R862C 122/88 332

The systolic and diastolic blood pressure (BP) (mmHg) measurements showed
no significant difference between the two groups of animals (Figure 15C and Table
24), unlike the A3aa HET animals that had significantly higher systolic and diastolic
BP than WT (Figure 10B). The heart rate (BPM) was significantly increased in the
R862C rats compared to the WT (Figure 15C and Table 24), again in contradiction to
the A3aa HET animals, which exhibited similar heart rates to the WT (Figure 10B).
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These data confirm that the mutations found in the region encoding the catalytic
domain of PDE3A lead to a non-fully penetrant HTNB syndrome. More specifically,
the skeletal phenotype, but not the blood pressure phenotype, is fully penetrant; i.e.
mutations in the hot spot region in the N-terminal regulatory domain cause the
manifestation of the whole phenotype, whereas the catalytic domain is required for

normal skeleton development.

5.4. PDE3A mutations cause aberrant signaling both in the

cytosol and at the plasma membrane (PM)

To gain insight into the molecular mechanisms underlying HTNB, the location
and activity of WT and mutant PDE3A was measured using FRET. For this, a
HEK293 cell system was used in which the cAMP-based sensor ICUE3 was co-
expressed with either WT or mutant (A3aa, G449S, T445N and R862C) PDE3A. To
be able to identify the cells expressing PDE3A, the WT and mutant PDE3A1
(membrane-bound) and PDE3AZ2 (cytosolic) variants were genetically fused with the

fluorescent protein mCherry (Figure 16).

A3aa
G449S R862C
T445N
PDE3A1-WT
NHR1 NHR2 ‘&&&"‘b Catalytic domain
%0 %0
A3aa
G449S R862C
T445N
PDE3A2-WT
NHR2 “,1\?"‘;5" Catalytic domain
2 F

Figure 16: Schematic representation of mCherry-tagged PDE3A1 and PDE3A2 WT and mutant
(A3aa, G449S, T445N and R862C) variants. The two N-terminal hydrophobic regions, NHR1 and
NHR2, as well as the two serine residues (Ser428 and Ser438) that have been shown to be

hyperphosphorylated in HTNB are also shown.
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5.4.1.PDE3A1 and 2 are located mainly in the cytosol and the

activity of mutant PDE3A is increased

PDE3A1 is predominantly localized to membranes, whereas PDE3A2 is
primarily a cytosolic protein, although it can be membrane-associated as well (Figure
5 and Figure 16) (Wechsler et al. 2002).

To confirm expression of the mCherry-tagged PDE3A1 and PDE3A2
constructs, fluorescence microscopy imaging was conducted. WT, T445N and
R862C PDE3A1 and PDE3AZ2 tagged with mCherry (red) were expressed in HEK293
cells and DAPI (blue) was used for nuclear staining. The T445N mutation was
chosen as representative for the mutations affecting the hotspot region within the
regulatory domain of the enzyme. Both PDE3A isoforms appeared to predominantly
localize in the cytosol and no clear difference was visible between the WT and the
mutant proteins. (Figure 17). Therefore, it was decided to initially measure FRET in
the cytosol in order to investigate the activity of WT and mutant PDE3A.
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PDE3A1-WT

PDE3A1-T445N

PDE3A1-R862C

PDE3A2-WT

PDE3A2-T445N
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Figure 17: mCherry-tagged PDE3A1 and PDE3A2 are localized mainly in the cytosol in HEK293
cells. Microscopy images of HEK293 cells expressing WT, T445N or R862C PDE3A1 (upper panel) or
PDE3AZ2 (lower panel) fused to mCherry (red). Nuclei were stained with DAPI. Scale bar: 20 pM.
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The activity of WT and mutant (A3aa, G449S, T445N and R862C) PDE3A was
measured in HEK293 cells by FRET using the cytosolic cAMP-based sensor ICUE3
and the cytosolic PDE3A2 isoform. Only the cells expressing both the ICUE3 sensor
(green signal) and PDE3A-mCherry (red signal) were selected for measurements. To
test the system, HEK293 cells were transfected with the negative controls, namely
CFP and Venus, either alone or together, or with a CFP-YFP tandem construct,
which was used as a positive control to set 100 % FRET signal (Figure 18A). Further
controls include the spectra showing the emission of ICUE3 sensor under resting
conditions and upon the treatments used in the subsequent FRET experiments, i.e.
the AC activator forskolin (F) (30 uM, 2 min) and forskolin together with the PDE3
inhibitors milrinone (F+M) (30 uM, 30 min) or cilostamide (F+C) (10 uM, 20 min) or
the sGC activator BAY 41-8543 (F+B) (15 uM, 15 min) (Figure 18B) (Ercu et al.
2020).
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Figure 18: Controls for FRET experiments. (A) Emission spectra for CFP and Venus alone or co-
transfected, as well as for a CFP-YFP fusion construct; n = 37-74 cells per condition. (B) Emission
spectra of ICUE3 sensor under resting conditions and upon treatment with forskolin (F) (30 uM, 2 min)
or with combination of forskolin with milrinone (F+M) (30 uM, 30 min), cilostamide (F+C) (30 uM, 20
min) and BAY 41-8543 (F+B) (15 uM, 15 min); n = 25-65 cells per condition. AFRET, which reflects
the increase or decrease in cAMP levels compared to basal levels, is also illustrated (Ercu et al.
2020).

All PDE3A2 variants were expressed at similar levels and were localized
mainly in the cytosol (Figure 19A). FRET measurements were performed in the
absence (Figure 19C) or presence of forskolin (30 uM, 2 min) with or without the

PDE3-specific inhibitor milrinone (30 uM, 30 min) (Figure 19A). The percentage
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change in FRET, described by AFRET (%), shows the increase or decrease in cAMP
levels compared to basal levels (Figure 18B). AFRET positively correlates with the
cAMP concentration (high AFRET indicates high cAMP levels) and thus inversely
correlates with PDE3A2 activity (high AFRET shows low PDES3A activity). Upon
forskolin treatment, the cAMP level in cells expressing PDE3A2 mutants (A3aa,
G449S and T445N) was lower than in those expressing the WT, reflected by the
smaller AFRET value. To further confirm this finding, the same FRET experiment was
carried out using the enzyme with the catalytic domain substitution (R862C). No
reduction in the AFRET was observed for the PDE3A2 variant incorporating the
R862C substitution compared to the WT, suggesting similar cAMP levels in both
conditions (Figure 19A). The data indicate that mutations in the regulatory region of
the PDE3A gene increase the protein’s enzymatic activity in the cytosol compared to
the WT or to mutations located in the region encoding the catalytic domain of the
enzyme. Under resting conditions, no difference was observed in the FRET signal of
WT and mutant PDE3A2 (A3aa, G449S, T445N and R862C), suggesting similar
enzyme activities (Figure 19C). The PDES3-specific inhibitor milrinone led to an
enzyme variant-specific increase in cAMP levels for WT, A3aa, G449S and T445N
PDE3AZ2 variants, reflected by an increase in the AFRET values, implying a partial
inhibition of PDE3A enzyme activity. The cAMP hydrolytic activity of the PDE3A2
variant carrying the R862C substitution appeared to not be influenced by milrinone
treatment (Figure 19A).

Another PDE3-specific inhibitor, cilostamide (10 uM, 20 min), abolished the
differences in AFRET between the WT and mutant PDE3A2 (A3aa, G449S, T445N).
This indicates that the WT and mutant proteins have similar sensitivity for this agent.
Furthermore, cilostamide appeared to be more efficient in inhibiting PDE3A than
milrinone, since it led to a higher increase in cAMP levels as compared to the later
(Figure 19B) (Ercu et al. 2020).
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Figure 19: Mutations in the regulatory region of the PDE3A gene increase the activity of the

enzyme in the cytosol. (A) Upper panel: Microscopy images of HEK293 cells transfected either with

the ICUE3 sensor alone (cyan and yellow, green colocalization) or co-expressed with the specific
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PDE3A2 variant (WT, T445N, R862C, A3aa and G449S) fused to mCherry (red and orange when
colocalizing with the sensor). Scale bar: 20 uM. Lower panel, left: Detection of mCherry-tagged
PDE3A with a PDE3A specific antibody and of ICUE3 sensor with an antibody targeted against GFP
by Western blotting. GAPDH was used as a loading control. Lower panel, right: Shown is the AFRET
(%) for WT PDE3A2 and the various mutations (T445N, R862C, A3aa and G449S) calculated either
upon treatment with forskolin (30 pM, 2 min) alone or together with milrinone (30 uM, 30 min). “0 %
AFRET” reflects the basal cAMP levels. Increases in cAMP levels correspond to increased AFRET
and decreased PDE3A activity. Statistical analysis was carried out using two-way ANOVA and
Bonferroni multi-comparison; n > 4 independent experiments with an analysis of 25-65 individual cells
per experiment for each PDE3A variant and condition. Mean + SEM is plotted, *p < 0.1, ***p < 0.001.
(B) Shown is the AFRET (%) for WT, T445N, A3aa and G449S PDE3A2 upon treatment with forskolin
(30 uM, 2 min) and cilostamide (10 uM, 20 min). Statistical analysis was carried out using two-way
ANOVA and Bonferroni multi-comparison; n = 3 independent experiments with an analysis of 32-68
individual cells per experiment for each PDE3A variant and condition. Mean + SEM is plotted. (C)
Shown is the emission intensity at 532 nm for WT, T445N, R862C, A3aa and G449S PDE3A2 under
resting conditions. Statistical analysis was carried out using one-way ANOVA and Bonferroni multi-
comparison; n > 4 independent experiments with an analysis of 25-65 individual cells per experiment
for each PDE3A variant and condition. Mean + SEM is plotted (Ercu et al. 2020).

WT and A3aa HET animals were treated with BAY 41-8543 and the compound
reduced their mean arterial pressure, though more efficiently for the mutant animals
(Figure 10D). To verify whether the compound affects PDE3A activity, FRET
measurements were used. HEK293 cells endogenously express sGC (Figure 20A).
Cyclic GMP-mediated inhibition of PDE3A induced by BAY 41-8543 treatment (15
uM, 15 min) increased the cAMP levels of cells expressing the T445N, A3aa and
G449S variants, as reflected by the increased AFRET values. The differences in
AFRET and thus in cAMP levels are however not significant between the WT and the
mutant PDE3A variants upon treatment with forksolin and BAY 41-8543 (Figure 20B)
(Ercu et al. 2020).
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Figure 20: BAY 41-8543 caused greater inhibition of mutant PDE3A2 than WT. (A) Expression of
soluble guanylyl cyclase (sGC) in HEK293 cells is shown by Western blotting. GAPDH was used as a
loading control. (B) Shown is the AFRET (%) for WT, T445N, A3aa and G449S PDE3A2 variants upon
treatment with forskolin (30 uM, 2 min) and BAY 41-8543 (15 uM, 15 min). “0 % AFRET” reflects the
basal cAMP levels. Statistical analysis was carried out using two-way ANOVA and Bonferroni multi-
comparison; n = 3 independent experiments with an analysis of 32-68 individual cells per experiment
for each PDE3A variant and condition. Mean + SEM is plotted (Ercu et al. 2020).

To elucidate whether there are differences in PDE3A activity between cytosol
and PM, the activity of WT and the T445N mutant PDE3A was also measured at the
PM of HEK293 cells. This was also done by FRET using the cAMP-based sensor
LynICUES, targeted to the PM via a myristoylation and palmitoylation sequence from
Lyn kinase (DiPilato and Zhang 2009), and the membrane-localized PDE3A1 isoform
tagged with mCherry (Table 24 and Figure 16). Both PDE3A1 variants were
expressed at similar levels (Figure 21A). FRET measurements were performed in the
presence (Figure 21A) or absence (Figure 21B) of forskolin (30 uM, 2 min). In cells
expressing PDE3A1-T445N, forskolin caused a reduction in AFRET as compared to
the WT expressing cells, reflecting decreased cAMP levels in the mutant expressing
cells (Figure 21A). These data suggest that the T445N mutation increases the
hydrolytic activity of PDE3A at the PM. Under resting conditions, PDE3A1 WT and
T445N enzyme activities were similar as no difference was observed in the emission

intensity at 532 nm (Figure 21B). As a control, the spectra depicting the emission of
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LynlICUE3 sensor under resting conditions and upon treatment with forskolin (F) (30

uM, 2 min) are shown (Figure 21C).
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Figure 21: PDE3A-T445N mutation increases the activity of the enzyme at the PM. (A) Upper
panel: Microscopy images of HEK293 cells transfected either with the LynICUE3 sensor alone (cyan
and yellow, green colocalization) or co-expressed with the specific PDE3A1 variant (WT and T445N)
fused to mCherry (red). Scale bar: 20 uM. Lower panel, left: Detection of mCherry-tagged PDE3A1
with a PDE3A specific antibody and of ICUE3 sensor with an antibody targeted against GFP by
Western blotting. GAPDH was used as a loading control. Lower panel, right: Shown is the AFRET (%)
for WT PDE3A1 and the T445N mutation calculated upon treatment with forskolin (30 uM, 2 min). “0 %
AFRET” reflects the basal cAMP levels. Increases in cAMP levels correspond to increased AFRET
and decreased PDE3A activity. Statistical analysis was carried out using two-way ANOVA and
Bonferroni multi-comparison; n = 3 independent experiments with an analysis of 23-62 individual cells
per experiment for each PDE3A variant and condition. Mean + SEM is plotted, *p < 0.1. (B) Shown is
the emission intensity at 532 nm for WT and T445N PDE3A1 under resting conditions. Statistical
analysis was carried out using one-way ANOVA and Bonferroni multi-comparison; n = 4 independent
experiments with an analysis of 23-62 individual cells per experiment for each PDE3A variant and
condition. Mean + SEM is plotted. (C) Emission spectra of LynICUE3 sensor under resting conditions
and upon treatment with forskolin (F) (30 uM, 2 min); n = 23-62 cells per condition. AFRET is also

illustrated.

5.5. Mutations in the regulatory region of the PDE3A gene

altered protein-protein interactions

PKA-induced phosphorylation of WT PDE3A1 leads to its recruitment into a
SERCA2/AKAP18 signalosome located at the SR of cardiac myocytes. SERCAZ2
mediates Ca®* re-uptake into the SR and therefore participates in the control of
cardiac relaxation. The integration of PDE3A1 into the AKAP18-based signalosome
is dependent on the PKA-dependent phosphorylation of the enzyme at serine
residues 292/293 and involves direct interaction with both SERCA2 and AKAP18
(Ahmad et al. 2015b). Furthermore, PKA-mediated phosphorylation of PDE3A upon
PMA and forskolin treatment was increased in the enzyme carrying mutations in the
regulatory region of the PDE3A gene compared to the WT protein (Maass et al.
2015). Taking into account that PDE3A phosphorylation promotes its interaction with
SERCA2 and AKAP18 (Ahmad et al. 2015b) and that PDE3A mutations causing
HTNB induce increased enzyme phosphorylation (Maass et al. 2015), we aimed at
identifying physiological PDE3A interactions and testing whether the mutations alter
those protein-protein interactions.
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PDES3A is highly expressed in the heart. Therefore, to determine the PDE3A
interactome and to identify interaction partners, endogenous PDE3A was
immunoprecipitated from human heart lysate. Sample incubated with non-immune
immunoglobulin G (IgG) was used as a negative control (Figure 22). The
immunoprecipitates were separated on SDS gels stained using Coomassie Brilliant
Blue and then the corresponding immunoprecipitation (IP) lanes were excised and
analyzed by mass spectrometry analysis. Proteins that were enriched in PDE3A IP
sample compared to the IgG IP, were considered as potential interactors of PDE3A.
The intensity scores and the normalized label-free quantification (LFQ) intensity
scores are summarized in Table 25 and 26, respectively. LFQ is a quantification
method based on the raw intensities that aims to determine the relative amount of
proteins in biological samples without making use of stable isotopes to label the
protein. When using LFQ, normalization occurs on multiple levels to exclude outliers
and to make sure that the intensities obtained reflect the amount of proteins within
the sample (Asara et al. 2008). A summary of all proteins found to co-precipitate with

PDES3A is presented in Supplemental Table S2.
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Table 25: Potential interaction partners identified in the PDE3A IP from human heart detected by mass spectrometry based on the intensity values

Results

Protein names Gene names Intensity Intensity LFQ LFQ Intensity LFQ intensity
IgG IP PDE3A IP intensity  intensity PDE3A IP/ PDE3A IP/
IgG IP PDE3A IP IgG IP IgG IP
cGMP-inhibited 3,5-cyclic phosphodiesterase = PDE3A 1571400 1248500000 0 2226900000 794,5144457 #DIV/O!
A
UHRF1-binding protein 1 UHRF1BP1 371780 57215000 0 57388000 153,8947765 #DIV/O!
Protein disulfide-isomerase A4 PDIA4 177550 17140000 0 0 96,53618699 #DIV/O!
Adenylyl cyclase-associated protein 1; CAP1 162340 7763800 0 0 47,82431933 #DIV/O!
Adenylyl cyclase-associated protein
Myozenin-2 MYOZ2 238430 7044200 0 3269400 29,54410099 #DIV/O!
14-3-3 protein theta YWHAQ 2718300 61927000 0 22603000 22,78151786 #DIV/O!
Phosphoglycerate mutase 1; Probable PGAM1; 658880 14684000 0 0 22,28630403 #DIV/0!
phosphoglycerate mutase 4 PGAM4
Tropomyosin alpha-4 chain TPM4 229150 5068900 0 0 22,12044512 #DIV/O!
FYN-binding protein FYB 905780 18605000 0 12138000  20,5403078 #DIV/O!
WD repeat-containing protein 47 WDR47 143430 2868500 0 5115000 19,9993028 #DIV/O!
Stathmin STMN1 17770 309780 0 0 17,43275183 #DIV/O!
Alpha-actinin-2 ACTN2 3822500 60922000 8277400 96312000 15,93773708 11,6355377
cAMP-dependent protein kinase catalytic PRKACA; 270020 3879600 0 2492000 14,36782461 #DIV/0!
subunit alpha and subunit beta PRKACB
Titin TTN 5168400 70197000 4936000 100400000 13,5819596 20,3403566
Glutamine synthetase GLUL 282980 3729200 0 2395300 13,17831649 #DIV/O!
Glutathione synthetase GSS 705560 8505400 0 0 12,0548217 #DIV/O!
Serpin B3 SERPINB3 14037000 152360000 9954100 120750000 10,85417112 12,1306798
T-complex protein 1 subunit delta CCT4 178390 1698100 0 0 9,519031336 #DIV/O!
Troponin T, cardiac muscle HNTN1; 7996600 75380000 10831000 41371000 9,426506265 3,81968424
TNNT2
Protein S100-A7 S100A7 10578000 99446000 0 84095000 9,401210059 #DIV/O!
F-actin-capping protein subunit beta CAPZB 404930 3620800 0 2190100 8,941792409 #DIV/0!
Alpha-aminoadipic semialdehyde ALDH7A1 1723800 14288000 0 3888800 8,288664578 #DIV/O!

dehydrogenase
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Plasminogen activator inhibitor 1 RNA-binding SERBP1 229330 1865100 0 1756000 8,132821698 #DIV/0!
Igrrgttzlia S100-A8 S100A8 7889700 57470000 0 36332000 7,284180641 #DIV/0!
Myoferlin MYOF 957540 6546200 0 0 6,836476805 #DIV/0!
F-actin-capping protein subunit alpha-2 CAPZA2 320170 2049000 0 0 6,399725146 #DIV/0!
Involucrin IVL 2657200 16636000 0 10686000 6,260725576 #DIV/0!
Myosin-9 MYH9 1435800 8278500 1752700 5683400 5,765775178 3,24265419
Adenylate kinase 2, mitochondrial AK2 553760 2995900 0 0 5,410105461 #DIV/0!
Protein ADP-ribosylarginine hydrolase-like ADPRHL1 2690600 14322000 0 9199500 5,322976288 #DIV/0!
E/T)?:)?;r:a;in-Z MYOM2 1269600 6548900 0 9774200 5,158238815 #DIV/0!
Tropomyosin alpha-1 chain TPM1 56280000 282880000 73196000 116640000 5,026297086 1,5935297
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Table 26: Potential interaction partners identified in the PDE3A IP from human heart detected by mass spectrometry based on the label-free

quantification (LFQ) intensity values

Protein names Gene names Intensity IgG Intensity LFQ LFQ Intensity LFQ intensity
IP PDE3A IP intensity intensity PDE3A IP/ PDE3A IP/
IgG IP PDE3A IP IgG IP IgG IP
Titin TTN 5168400 70197000 4936000 100400000 13,5819596  20,34035656
Serpin B3 SERPINB3 14037000 152360000 9954100 120750000 10,85417112  12,13067982
Alpha-actinin-2 ACTN2 3822500 60922000 8277400 96312000 15,93773708 11,63553773
Desmin DES 19940000 82937000 3185700 22132000 4,159327984 6,947295728
Myosin-7; Myosin-6 MYH7; 264870000 1125600000 315320000 1806700000 4,249631895 5,729734873
MYH6
Creatine kinase S-type, CKMT2 177670000 257050000 49983000 212250000 1,446783362 4,246443791
mitochondrial
Creatine kinase M-type CKM 245490000 288380000 78308000 331010000 1,174711801 4,227026613
Fatty acid-binding protein, epidermal FABP5 37191000 57468000 25586000 107340000 1,545212551 4,195263034
Annexin A5; Annexin ANXA5 8530700 25738000 3838800 15809000 3,017102934 4,118214025
2,4-dienoyl-CoA reductase, DECR1 79213000 198610000 23647000 95929000 2,50729047  4,056709096
mitochondrial
Troponin T, cardiac muscle HNTN1; 7996600 75380000 10831000 41371000 9,426506265 3,81968424
TNNT2
Poly [ADP-ribose] polymerase 1 PARP1 7597600 14016000 6607800 23006000 1,844793093 3,481642907
Myosin light chain 3 MYL3 77500000 249890000 18223000 61347000 3,224387097 3,366459968
Myosin-9 MYH9 1435800 8278500 1752700 5683400 5765775178 3,242654191
Medium-chain specific acyl-CoA ACADM 65959000 117510000 26796000 85867000 1,781561273  3,204470817
dehydrogenase, mitochondrial
Glycogenin-1 GYG1 12186000 17331000 8747900 26402000 1,42220581 3,018095772
Ig kappa chain C region IGKC 17017000000 13795000000 2242800000 6738100000 0,810659928 3,004324951
Cytochrome c oxidase subunit 5A, COX5A 17976000 16833000 12548000 36418000 0,93641522  2,902295186
mitochondrial
14-3-3 protein gamma YWHAG 16057000 43966000 3526100 9838100 2,738120446 2,790079691
Leukocyte elastase inhibitor SERPINB1 3261700 7429600 1860000 5152400 2,277830579 2,770107527
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Prohibitin-2 PHB2 6232200 22917000 4043300 10721000 3,677192645 2,651547004
Voltage-dependent anion-selective VDAC2 19326000 28448000 7236100 18849000 1,472006623 2,604856207
channel protein 2

Decorin DCN 2552300 3611500 2644900 6654100 1,414998237 2,515822904
14-3-3 protein beta/alpha YWHAB 3880200 9326400 2482600 6038800 2,403587444 2,432449851
Calmodulin-like protein 3 CALML3 6054200 21102000 5950400 14169000 3,485514188 2,381184458
Myosin-binding protein C, cardiac- MYBPC3 25619000 81882000 51445000 122420000 3,196143487 2,37962873
type

Ryanodine receptor 2 RYR2 4998500 5669500 3594200 8538100 1,134240272 2,375521674
14-3-3 protein epsilon YWHAE 51446000 158990000 10161000 23206000 3,090424912 2,283830332
Collagen alpha-2(VI) chain COL6A2 4325200 5887600 4745900 10595000 1,361231851 2,232453275
L-lactate dehydrogenase A chain LDHA 4937500 15821000 5754400 12526000 3,204253165 2,176769081
Galectin-3-binding protein LGALS3BP 4777400 14340000 4549700 9780900 3,001632687 2,149790096
Isocitrate dehydrogenase [NAD] IDH3B 8707300 21985000 6549700 13892000 2,524892906 2,121013176
subunit, mitochondrial

Troponin |, cardiac muscle TNNI3 46561000 96985000 17954000 37812000 2,082966431 2,106048791

92



Results

The most abundant proteins identified to potentially co-precipitate with PDE3A,

as well as PDE3A itself, summarized in Tables 25 and 26, are illustrated in Figure 22.

A B
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Figure 22: Potential PDE3A interaction partners identified via mass spectrometry analysis. (A)

Heatmap illustrating the most abundant proteins calculated based on their intensity values in the IgG

and PDE3A IP samples. PDE3A was identified as the strongest hit. Proteins and their respective

intensity values are summarized in Table 25. (B) Heatmap illustrating the most expressed proteins

calculated based on their LFQ intensity values in the IgG and PDE3A IP samples. Proteins and their

respective LFQ intensity values are summarized in Table 26. The color-coded measures of intensity

correspond to the scale on the right of each panel.
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One of the proteins identified via mass spectrometry was 14-3-3 6 (Table 25
and Figure 22A: YWHAQ). It belongs to the 14-3-3 family of adaptor proteins, that
bind phosphorylated serine residues of a variety of signaling proteins (e.g. kinases
and phosphatases). 14-3-3 proteins have already been shown to interact with PDE3A
in HeLa cells (Pozuelo Rubio et al. 2005, Corradini et al. 2015). Five out of the seven
isoforms of 14-3-3 family were associated with PDE3A and 14-3-3 0 showed the
highest intensity. To validate the mass spectrometry analysis result, endogenous
PDE3A was immunoprecipitated from human heart lysates and was showed that 14-

3-3 6 co-immunoprecipitated with the enzyme (Figure 23).
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Figure 23: Endogenous PDE3A immunoprecipitation from human heart and detection of 14-3-3
6. PDE3A was immunoprecipitated from human heart lysate (1 mg protein, 1mL) and 14-3-3 6 was
found to co-precipitate with PDE3A. Detection of PDE3A and 14-3-3 6 was done by Western blotting.
Sample incubated with non-immune IgG was used as control. Input sample (30 ug) was also loaded

on the gel as positive control. GAPDH was used as a loading control.

To examine whether PDE3A mutations that cause HTNB alter the interaction
of the two proteins, FLAG-tagged WT and mutant (A3aa and T445N) PDE3A2
variants were expressed in HEK293 cells and co-immunoprecipitated with 14-3-3 0
(cooperation with Dr. Carolin Schachterle). Since it was previously described that
PDES3A interaction with 14-3-3 6 is dependent on PMA-induced phosphorylation of
the enzyme at Ser428 (Pozuelo Rubio et al. 2005), HEK293 cells were treated with
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PMA (16 uM, 30 min). Also, 14-3-3 proteins bind to phosphorylated serine residues
on their target proteins. Since forskolin is known to induce PKA-dependent PDE3A
phosphorylation at various serine residues, including Ser312 and Ser438 (Wechsler
et al. 2002), it was also used to stimulate the cells (30 uM, 30 min). An increased
interaction between both mutant PDE3A2 variants and 14-3-3 6 was observed upon
PMA stimulation as compared to the WT protein, while treatment with forskolin did
not affect the interaction (Figure 24). These data suggest that HTNB-causing
mutations found in the regulatory region of the PDE3A gene induce an increased
interaction of the enzyme with 14-3-3 6 compared to the WT protein, interaction that
is dependent on the phosphorylation of PDE3A at Ser428 (Ercu et al. 2020).
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Figure 24: Increased interaction between mutant PDE3A and 14-3-3 6. Upper panel: FLAG-tagged
PDE3A2 WT and mutants (T445N and A3aa) were transiently expressed in HEK293 cells and
PDE3A2 variants were immunoprecipitated via their FLAG tag (1 mg protein, 1mL) upon treatment
with either forskolin (30 uM, 30 min) or PMA (16 puM, 30 min). 14-3-3 6 co-immunoprecipitated with
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PDE3A2, more in the mutant conditions. Detection of PDE3A2 (WT, T445N and A3aa) and 14-3-3 6
was done by Western blotting. Lower panel: Semi-quantitative analysis of the Western blots by
densitometric analysis. Plotted are the expression levels of 14-3-3 6 normalized to the
immunoprecipitated PDE3A2. Statistical analysis was carried out using one-way ANOVA and
Bonferroni multi-comparison; n = 6 independent experiments. Mean + SEM is plotted, ***p < 0.001
(Ercu et al. 2020).

5.5.1. Characterizing PDE3A-14-3-3 6 interaction in H9C2 cells

To investigate whether the increased interaction between 14-3-3 6 and mutant
PDES3A induces a change in the localization of the enzyme, immunofluorescence
microscopy measurements in H9C2 cells were conducted (Figure 25). H9C2 cells are
embryonic rat cardiomyocytes that express both PDE3A and 14-3-3 6. The cells were
treated with PMA (16 uM, 30 min), forskolin (30 uM, 30 min) or the combination of
the two compounds to increase PDE3A phosphorylation at Ser428 and Ser438, while
unstimulated cells served as control. PDE3A (red) and 14-3-3 6 (green) co-stainings
were carried out and revealed that both proteins are distributed throughout the cell
and therefore appeared to colocalize. No difference in PDE3A location within the cell
and with respect to 14-3-3 6 was visible under this set-up in any of the treatment

conditions compared to the control one (Figure 25).
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Figure 25: PDE3A and 14-3-3 6 expression in H9C2 cells. H9C2 cells were left untreated or
stimulated with PMA (16 pM, 30 min), forskolin (30 puM, 30 min) or the combination of the two
compounds. PDE3A and 14-3-3 6 were detected by immunofluorescence microscopy using specific
primary antibodies (Table 7) and fluorescent dye-coupled secondary antibodies (Table 8). Nuclei were
stained with DAPI. PDE3A and 14-3-3 6 are shown in the magnified views (Crop) images. Staining

with the secondary antibody alone was used as a control. Scale bar: 20 uM

5.5.2. PDE3A interacts with the catalytic subunit o of PKA in
human heart and cardiomyocytes from non-affected and

patient-derived induced pluripotent stem cells (IPSCs)

Another protein that appeared in the mass spectrometry results (Table 25 and

Figure 22A) and was previously shown to interact with PDE3A in myocardial
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membranes was the catalytic subunit o of PKA (Ahmad et al. 2015b). To confirm this
result, endogenous PDE3A was immunoprecipitated from human heart lysate and
the catalytic subunit o of PKA was shown to co-immunoprecipitate with the enzyme
(Figure 26A). Furthermore, non-affected (WT) and patient (T445N)-derived induced
pluripotent stem cells (IPSCs) were differentiated into cardiomyocytes and PDE3A
was successfully immunoprecipitated from these cells. The catalytic subunit a of PKA
was found to co-precipitate with the enzyme (Figure 26B). Since for the T445N-
derived cardiomyocytes less material was available, the amount of precipitated
PDE3A was less compared to the one precipitated from the WT cells and therefore,
the amount of co-precipitated PKA catalytic subunit o was also significantly less in
this condition. Non-immune IgG was not used as control in these IPSC-derived

cardiomyocytes due to the lack of material.
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Figure 26: Endogenous PDE3A immunoprecipitations from human heart and cardiomyocytes
from non-affected and patient-derived IPS cells and detection of the catalytic subunit a of PKA.
(A) PDE3A was immunoprecipitated from human heart lysate (1 mg protein, 1mL) and the catalytic
subunit o of PKA was found to co-precipitate with PDE3A. Sample incubated with non-immune 1gG
was used as control. Input sample (30 ug) was also loaded on the gel as positive control. (B) PDE3A
was immunoprecipitated from non-affected and patient (T445N)-derived IPSCs differentiated into
cardiomyocytes (400 pg for WT and 200 pg for T445N, respectively, mL) and the catalytic subunit o of
PKA was found to co-precipitate with PDE3A. Input sample (20 ug) was also loaded on the gel as

positive control. Detection of PDE3A and PKA catalytic subunit o was done by Western blotting.
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5.6. Hypertension-causing PDE3A mutations protect against

cardiac damage

HTNB-affected individuals hardly present any signs of cardiac damage,
despite suffering from life-long high blood pressure elevations. Heart rate, left
ventricular mass and cardiac output values were similar in HTNB-affected and non-
affected individuals (Toka et al. 2015). These data point towards a cardioprotective

effect of the HTNB-causative mutations that affect the regulatory region of the
PDES3A gene.

5.6.1. PDE3A1 and PDE3A2 expression in the heart of WT,

A3aa HET and functional DEL animals
Two PDE3A isoforms, PDE3A1 and PDE3A2, were detected in the left

ventricles (the contractile part of the heart most commonly affected by hypertrophy)
of WT and A3aa HET rat hearts and were absent in the functional DEL animals. The
expression level of PDE3A1 was significantly decreased in the A3aa HET rats as
compared to the WT animals, whereas PDE3A2 was similarly expressed in both
models (Figure 27). This was not the case in the rat aorta where both PDE3A
isoforms were significantly decreased in the A3aa HET rats compared to the WT

animals (Figure 11A).
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Figure 27: PDE3A1 and PDE3A2 expression in the left ventricle of WT, A3aa HET and functional
DEL rats. Upper panel: PDE3A1 and PDE3A2 isoforms were detected by Western blotting in the left
ventricle of WT, A3aa HET and functional DEL rats. PDE3A was not detectable in functional DEL
animals. Actin was detected as loading control. Lower panel: Semi-quantitative analysis of PDE3A1
and PDE3A2 variants by densitometric analysis. Plotted are the expression levels of PDE3A1 and
PDE3A2 normalized to the loading control, actin. Statistical analysis was carried out using one-way

ANOVA and Bonferroni multi-comparison; n = 4 independent experiments. Mean + SEM is plotted,

****p < 0.0001

5.6.2. Cardiac parameters of A3aa HET mutant rats are not

significantly altered compared to those of WT animals

Similar to the HTNB patients, various cardiac parameters measured via
echocardiography, including cardiac output, left ventricular mass and ejection fraction
(Figure 28) (Preclinical Research Center, MDC) were not significantly altered in the
A3aa HET and A3aa HOM rats compared to WT animals. These data suggest that
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mutations affecting the N-terminal regulatory domain of the PDE3A gene, despite of

causing severe hypertension, have cardioprotective effects, as observed in both

patients and animal models (Ercu et al. 2020).
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Figure 28: Cardiac parameters of A3aa HET and A3aa HOM rats were comparable to those of

WT controls. The indicated cardiac parameters were measured by echocardiography in WT, A3aa
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HET and A3aa HOM rats and no significant differences were observed. Statistical analysis was carried
out using one-way ANOVA and Bonferroni multi-comparison; n = 7 for WT, n = 6 for A3aa HET and n
= 4 for A3aa HOM animals. Mean + SEM is plotted (Ercu et al. 2020).

5.6.3.Expression of the excitation-contraction coupling
components and 14-3-3 0 in rat heart of WT and mutant

rats

Excitation-contraction coupling is the basis of proper functioning of the heart
since it is the mechanism by which electrical activation is translated into cardiac
contraction (Neef and Maier 2013). Intracellular Ca?* cycling is essential for cardiac
contraction and relaxation. More specifically, the L-type Ca?* (Cav1.2) channels
found at the T tubules open upon sarcolemma depolarization and allow Ca?* to enter
the cardiomyocyte. Ca?* influx causes the release of more Ca?* from the SR into the
cytosol via the ryanodine receptors (RyR), process also known as Ca?*-induced Ca?*
release. Cytosolic Ca?* interacts with troponin T located on the thin myofibers, thus
promoting contraction. Myosin-binding protein C (MyBPC) is a regulatory protein
associated with myosin in the thick filament that, when phosphorylated, promotes
contraction by weakening the binding of the myosin heads to the surface of the thick
filament and therefore increasing their binding probability to actin on the thin filament.
Relaxation occurs either via Ca?* export outside the cardiac myocyte through the
Na*/Ca?* exchangers, or via Ca?* re-uptake into the SR, process mediated by
SERCA2. Activation of SERCA2 is mediated by dissociation of PLN, a SR
phosphoprotein, upon its phosphorylation. Decrease in the cytosolic Ca?* during
relaxation leads to its dissociation from troponin T and thus allows troponin | to re-
associate to the thin filaments, thereby inhibiting actomyosin interactions. Therefore,
the expression and proper function of proteins i.e. Cayv1.2 channels, RyRs, SERCAZ2,
Na*/Ca?* exchanger, MyBPC, Troponin | and PLN is detrimental for proper
excitation-contraction coupling. Alterations in the expression or activity of any of
these proteins results in defective excitation-contraction coupling and can lead to
severe pathologies, including heart failure (Bers 2002, Layland, Solaro and Shah
2005, Kensler, Craig and Moss 2017, Zima et al. 2014).

To understand the apparent protective effect of PDE3A mutations against
cardiac damage, we analyzed the expression levels of key players in the excitation-
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contraction coupling process, i.e. RyR2, MyBPC, Troponin | and PLN in the left
ventricles of WT, A3aa HET and functional DEL rat hearts. These proteins are
phosphorylated by PKA at various serine residues (i.e. Ser2808 for RyR2, Ser282 for
MyBPC, Ser23/24 for Troponin |, Ser16 for PLN) and this plays a major role in
cardiac contraction regulation. (Shan et al. 2010, Kensler et al. 2017, Layland et al.
2005, Simmerman and Jones 1998, Sande et al. 2002). The amount of RyR2
phosphorylated at Ser2808 was significantly increased in A3aa HET rats compared
to the WT animals, as it was the case for PLN phosphorylated at Ser16. The same
phosphorylated proteins were expressed less in the functional DEL animals
compared to the A3aa HET ones, and this difference was significant for RyR2. No
difference was found between WT and A3aa HET rats in the expression of MyBPC
phosphorylated at Ser282, but it was decreased in the functional DEL animals.
Lastly, the amount of Troponin | phosphorylated at Ser23/24 was constant between
the three genotypes, although it appeared to be less expressed in A3aa HET animals
(Figure 29).

Since we showed that the interaction between mutant PDE3A and 14-3-3 6
was increased compared to the interaction with the WT protein, we assessed the
levels of the adaptor protein in our animal models. 14-3-3 6 was found to be more
highly expressed in the A3aa HET rats compared to the WT and functional DEL rats,
whereas no difference was observed between WT and functional DEL animals
(Figure 29).
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Figure 29: Expression of excitation-contraction coupling system components and 14-3-3 6 in
the heart of WT and mutant animals. Upper panel: The PKA-phosphorylated and non-
phosphorylated forms of RyR2, MyBPC, Troponin | and PLN as well as 14-3-3 6 were detected by
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Western blotting in the left ventricle of WT, A3aa HET and functional DEL rats. Hsp90 was detected as
loading control. Lower panel: Semi-quantitative analysis of the above-mentioned proteins by
densitometric analysis. Plotted are the expression levels of the phosphorylated proteins normalized to
the expression levels of the non-phosphorylated proteins and then to the loading control. Statistical
analysis was carried out using one-way ANOVA and Bonferroni multi-comparison; n = 4 independent
experiments. Mean + SEM is plotted, *p < 0.1, **p < 0.01.

5.6.4. Cardiac parameters of WT, A3aa HET, functional DEL

and R862C animals upon isoproterenol treatment

To further validate the cardioprotective effect of mutant PDE3A, WT, A3aa
HET and functional DEL animals were subjected to cardiac stress. More specifically,
isoproterenol was administered for 14 days to stimulate cardiac hypertrophy and
heart failure (Szabd, Csaky and Szegi 1975, Krenek et al. 2009). Sodium chloride
(NaCl, physiological saline) was used as a control. Radio-telemetry measurements
were performed at the beginning of the treatment and at the end of the 14 days
treatment. The R862C mutant rats were also used to study the effect of the mutation
affecting the region encoding the catalytic domain of PDE3A on the heart upon
cardiac stress induction.

Various cardiac parameters assessing the hypertrophy of the heart, the
amount of blood pumped by the heart and the volume of blood remaining in the heart
at the end of contraction were measured by echocardiography (Figure 30)
(Preclinical Research Center, MDC). No difference in the cardiac output or ejection
fraction (EF), used to assess the volume of blood leaving the heart during systole,
was observed between the four genotypes. For the A3aa HET rats, increased cardiac
output was observed upon stressing the heart compared to the non-stressed heart or
to 14 days of NaCl treatment, suggesting that they could manifest stronger
contractions after cardiac stress. The left ventricular mass (LV mass) increased in
WT and functional DEL animals when stressing the heart, whereas for the A3aa HET
rats it did not change. Moreover, the mass of the LV was decreased in the A3aa HET
animals compared to the functional DEL ones upon isoproterenol treatment. The
internal dimension of the left ventricle at the end of diastole (LVID) was significantly
decreased in A3aa HET rats compared to WT and R862C animals upon stressing the

heart. The intraventricular septum diameter (IVSd) and the end-diastolic left

105



ventricular posterior wall thickness (LVPWd) were similar between all genotypes.
These data indicate that the only animals that appeared protected against an
increase in left ventricle size were the A3aa HET. The heart rate was increased in the
A3aa HET rats upon cardiac stress induction compared to WT and A3aa HET non-
stressed hearts. The end-systolic volume (SV), referring to the amount of blood in a
ventricle at the end of contraction was significantly decreased in the A3aa HET rats
compared to the WT ones after 14 days of isoproterenol treatment. This suggests
that the A3aa HET animals could exhibit stronger contractions. Nevertheless, more
measurements are required since for the functional DEL animals, as well as for the
R862C conditions, only two animals were available for each of the tested groups.
The reduced number of available animals is the result of high mortality rate for
animals receiving isoproterenol treatments, which was exacerbated by an early
cessation of the experiment necessitated by the reduced operations of our animal
facilities owing to the current coronavirus pandemic. In accordance with animal care
and handling regulations, this resulted in the culling of all animals in ongoing

treatments.
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Figure 30: The cardiac response in WT, A3aa HET, functional DEL and R862C rats upon stress
induced by isoproterenol treatment differs between the genotypes. The indicated cardiac
parameters were measured by echocardiography in WT, A3aa HET, functional DEL and R862C rats
after 14 days of treatment with isoproterenol or NaCl. Statistical analysis was carried out using one-
way ANOVA and Bonferroni multi-comparison; WT: n = 7 (NaCl, day 0), n = 7 (NaCl, day 14), n = 10
(isoproterenol, day 0) and n = 6 (isoproterenol, day 14); A3aa HET: n = 3 (NaCl, day 0), n = 3 (NaCl,
day 14), n = 6 (isoproterenol, day 0) and n = 3 (isoproterenol, day 14); functional DEL: n = 2 (NaCl,
day 0), n = 2 (NaCl, day 14), n = 2 (isoproterenol, day 0) and n = 2 (isoproterenol, day 14) and R862C:
n = 2 (NaCl, day 0), n = 2 (NaCl, day 14), n = 2 (isoproterenol, day 0) and n = 2 (isoproterenol, day
14). Mean + SEM is plotted, *p < 0.1, **p < 0.01, ***p < 0.001.

5.6.5. Protein expression in rat heart from WT, A3aa HET and

functional DEL animals upon isoproterenol treatment

To further investigate whether mutant PDE3A is cardioprotective, initial
experiments have been performed in which biochemical analysis of the rat hearts
from the isoproterenol-treated WT, A3aa HET and functional DEL animals was
carried out (see Appendix, Supplemental Figure S1-S4). Nevertheless, these are
only preliminary data and no statistical analysis could be performed since only two
animals were available for each of the tested groups. This happened because the
measurements had to be stopped and animals sacrificed before finishing the

experiment due to the current coronavirus pandemic.
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6. Discussion

Hypertension affects a billion people worldwide and the incidence is predicted
to further increase to 1.5 billion by 2025 (Chockalingam 2007). The available anti-
hypertensive drugs at best, slow the progression of the disease. There is a lack of
effective treatment targeting the causes of essential hypertension, mainly due to
insufficient understanding of the underlying mechanisms.

HTNB is a monogenic form of hypertension caused by mutations in the gene
encoding for PDE3A. HTNB is characterized by age-dependent progressive
hypertension induced by medial hyperplasia of peripheral vascular system,
brachydactyly type E and protection from hypertension-associated end-organ
damage, such as cardiac hypertrophy.

In this study, it was shown that PDE3A regulates blood pressure by controlling
VSMC proliferation in the peripheral vascular system. Two new human PDE3A
mutations that cause amino acid substitutions are presented, one within a five amino
acid long hotspot region in the N-terminal regulatory domain of PDE3A and one in
the enzymatic pocket of PDE3A. In addition, a new animal model, a hypertensive rat
model that recapitulates HTNB and underscores the role of increased peripheral
vascular resistance as a driving mechanism for hypertension, is introduced. Lastly,
this study brings evidence that PDE3A mutations affecting the N-terminal regulatory
region of the PDE3A gene protect the heart against cardiac remodeling, hypertrophy
and heart failure.

6.1. Mutations in the regulatory region of the PDE3A gene are
causative for HTNB, while the PDE3A enzymatic pocket is

required for a normal skeletal development

A novel PDE3A mutation leading to a G449S substitution within a five amino
acid long hotspot region in the N-terminal regulatory domain of PDE3A has been
recently identified and shown to cause HTNB (Figure 14) (Ercu et al. 2020). To date,
nine missense mutations and one single amino acid deletion clustered in the five
amino acid-encoding region have been described in unrelated families affected with
HTNB. Within the hotspot region, only three base pairs, encoding for amino acid 448
of PDE3A, have not yet been shown to be involved (Maass et al. 2015, Toka et al.
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2015, Ercu and Klussmann 2018, Renkema et al. 2018, Boda et al. 2016, Ercu et al.
2020). A new rat model carrying a 9 bp (three amino acids) deletion (A3aa HET) in
the regulatory region of the PDE3A gene was introduced, which corresponds to the
human deletion, T445del (Ercu et al. 2020, Renkema et al. 2018). These rats
apparently fully recapitulate the human HTNB phenotype. Thus, the model provides
strong evidence that the mutations are causative for HTNB (Ercu et al. 2020).

The heterozygous rats carrying the three amino acid deletion in PDE3A had
increased systolic and diastolic blood pressure, shorter fingers and presented looping
of the left-side posterior inferior cerebellar artery (PICA) (Figure 10) (Ercu et al.
2020). The same was observed in the HTNB patients who suffered from severe
hypertension, brachydactyly and presented PICA loops (Maass et al. 2015, Toka et
al. 2015, Naraghi et al. 1997). Similar to PDE3A knock-out (KO) mice (Sun et al.
2007, Begum, Hockman and Manganiello 2011), the functional DEL rats displayed
increased heart rate and reduced arterial blood pressure (Ercu et al. 2020), possibly
due to peripheral vasodilation.

Vascular tone is one of the main determinants of peripheral vascular
resistance and alterations in the vascular tone lead to severe pathologies including
hypertension. Homeostasis of the vascular tone is attained by a fine-tuned balance
between contraction and relaxation of VSMCs in the vascular wall (MacAllister and
Vallance 1996, Brozovich et al. 2016, Tykocki, Boerman and Jackson 2017). One of
the main regulators of the vascular tone is the renin-angiotensin-aldosterone system
(RAAS) and angiotensin Il (Ang Il) is the main effector molecule of this system.
Binding of Ang Il to the angiotensin type | receptors (AT1R) induces a signaling
cascade that results in activation of PKC and subsequent phosphorylation of Cay1.2
channels, thereby allowing Ca?* to enter the cytosol and promote contraction (Mehta
and Malik 2006). The second messenger pathways cAMP and cGMP also play major
roles in the regulation of the vascular tone. cAMP contributes to vascular tone
regulation via its effector proteins, PKA, Epac and CNG ion channels (Roberts and
Dart 2014). Activated PKA phosphorylates myosin light chain kinase (MLCK) and
decreases its activity, which in turn leads to low levels of phosphorylated myosin light
chain (MLC), resulting in vasodilation of the vasculature (Lamping 2001). Epac has
also been shown to promote MLC dephosphorylation and hence VSMC relaxation
and vasodilation by activation of the myosin light chain phosphatase (MLCP), via a
Rap1-dependent reduction in RhoA activity (Roberts and Dart 2014). CNG channels
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have been shown to promote Ca?* influx-mediated vascular dilation and contraction
(Shen et al. 2008, Leung et al. 2010). cGMP is essential for blood vessel relaxation.
cGMP induces blood vessel relaxation either via activation of PKG and subsequent
phosphorylation of target proteins or indirectly, by elevating cAMP levels
(Krawutschke, Koesling and Russwurm 2015).

HTNB patients suffer from increased peripheral vascular resistance and
hyperplasia of the tunica media of peripheral arteries (Schuster et al. 1996).
Moreover, it was previously shown that patient-derived stem cells differentiated into
VSMCs proliferated at a faster rate compared to those of unaffected family members
(Maass et al. 2015, Naraghi et al. 1997). Vascular resistance is substantially
influenced by small arteries (e.g. first- and second-order mesenteric arteries)
(Christensen and Mulvany 1994). The A3aa HET animals showed increased media-
to-lumen ratio of second-order mesenteric arteries, resembling the patient situation
(Figure 10C). Moreover, third-order mesenteric arteries from A3aa HET rats showed
weaker vasodilation in response to forskolin compared to those from WT animals.
These data indicate that PDE3A hyperactivity restraints the ability of small arteries to
dilate (Ercu et al. 2020).

It was previously shown that VSMCs differentiated from patient mesenchymal
stem cells proliferated at a faster rate compared to those of unaffected family
members (Maass et al. 2015). The proliferation rate of VSMCs from aorta of A3aa
HET rats was higher than that of VSMCs from WT animals (Ercu et al. 2020),
reproducing the increased proliferation rate observed in the human model. However,
no significant differences were observed neither in the thoracic aorta media thickness
of A3aa HET rats (Figure 12) (Ercu et al. 2020), nor in the expression levels of
proteins essential for cellular proliferation from aorta of A3aa HET animals (Figure
13). This seeming contradiction could be explained by the fact that in vitro, while
generating the VSMCs from the aorta, the influence of the endothelium was lost,
which could have changed the proliferative behavior of the cells. In the vasculature,
the endothelium greatly influences the underlying VSMC layer by releasing
contracting and relaxing factors, as well as paracrine factors influencing VSMC
growth (Peir6 et al. 1995, Milliat et al. 2006).

PDE3A1 and PDE3AZ2 isoforms were detected in aorta of WT and A3aa HET
rats, while both proteins were undetectable in the homozygous functional DEL

animals. Both isoforms were expressed less in the A3aa HET animals compared to
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the WT ones (Figure 11) (Ercu et al. 2020). This might be caused by altered
phosphorylation of the mutant protein, as it was found in other enzymes carrying
mutations in the regulatory region of the PDE3A gene (Maass et al. 2015), which
could lead to altered protein-protein interactions (Ahmad et al. 2015b) and therefore
impaired detection of the protein by the PDE3A-specific antibody. Another potential
explanation could be downregulation of the expression of the mutant enzyme, or that
protein degradation is increased due to the difference in the amino acid sequence.

A novel missense mutation causing an R862C substitution in the enzymatic
pocket of PDE3A was discovered in a New Zealand family. Brachydactyly type E was
documented in all affected members. However, hypertension was not detected in all
affected individuals (Figure 15A), indicating that the hypertensive phenotype is not
fully penetrant. Rat models carrying the R862C mutation were generated via
CRISPR/Cas9. Analogous to the patient scenario, all of these animals had shorter
digits compared to the WT controls (Figure 15B). Blood pressure measurements
revealed no difference in the systolic and diastolic blood pressure compared to non-
affected animals (Figure 15C), further confirming the observation that the HTNB
phenotype is not fully penetrant when PDE3A mutations affect the enzymatic pocket
of the enzyme. Nevertheless, it appears that PDE3A catalytic activity is required for
normal skeleton development. Another rare skeletal disease involving the cAMP
signaling pathway is type 2 acrodysostosis (ACRDYS2). It is a rare developmental
skeletal disorder characterized by severe brachydactyly, short stature and facial
dysostosis. It is caused by mutations in the PDE4 gene. The mutations promote
PKA-dependent phosphorylation and activation of PDE4D3, resulting in increased
hydrolytic activity of the enzyme (Briet et al. 2017). These data further indicate that
normal PDE catalytic activity is needed for proper skeletal development.

In conclusion, the fact that the full HTNB phenotype was recapitulated in the
A3aa HET rat model and not in the rats carrying the catalytic domain mutation
confirms that mutations in the regulatory domain of the PDE3A gene are causative
for HTNB. Furthermore, these animals emphasize the role of increased peripheral

vascular resistance as a driving mechanism for hypertension.
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6.2. Mutations in the regulatory domain of the PDE3A gene

induce aberrant signaling

To gain insight into the effect the different mutations have on the location of
PDE3A, WT and different mCherry-tagged PDE3A1 and PDE3A2 mutant variants
were expressed in HEK293 cells and fluorescence microscopy imaging was
performed (Figure 17). The mutation causing the T445N substitution was selected as
representative for the mutations affecting the regulatory region of the PDE3A gene,
while the R862C substitution, affecting the catalytic domain of PDE3A, was also
investigated. PDE3A1-tagged mCherry was distributed throughout the cytosol,
although PDE3A1 has been shown to exclusively localize in cardiac membranes
(Hambleton et al. 2005). This could owe to the overexpression-induced high
concentration of PDE3A1-mCherry and the fluorescent protein-tagging of PDE3A
itself (Stadler et al. 2013). As expected, PDE3A2-mCherry variants were
predominantly localized in the cytosol (Hambleton et al. 2005). No difference in
PDE3A1 and PDE3A2 localization was observed between WT and the two mutant
proteins. Nevertheless, one has to consider that the maximum resolution reached by
conventional fluorescence microscopy is 200-300 nm in the lateral direction and 500-
700 nm in the axial direction due to the diffraction of light (Huang, Bates and Zhuang
2009) and therefore subtle differences in localization would not be visible with this
method. Stimulated emission depletion (STED) microscopy could be an alternative
option for better visualization of cellular compartments since the lateral resolution
achieved by this technique is below 50 nm and the axial resolution is about 150 nm
(Hein, Willig and Hell 2008).

The effect on PDE3A activity of six of the mutations (T445N, T445A, T445S,
A447T, A447V and G449V) affecting the regulatory region of the PDE3A gene has
been investigated and was shown to increase the cAMP affinity and hydrolytic activity
of the enzyme (Maass et al. 2015). It was next investigated whether the same was
the case for the new PDE3A mutants, the A3aa and G449S variants, as well as for
the R862C construct. The activity of these PDE3A versions was measured by FRET
in HEK293 cells. To validate the accuracy of the method, we also used FRET to
measure the activity of the T445N variant, which was previously shown to increase
cAMP hydrolysis. Taking into account that both PDE3A1 and PDE3A2 appeared to
be mostly localized in the cytosol, FRET measurements were initially performed in
the cytosol using the cytosolic ICUE3 sensor and the mCherry-tagged PDE3A2
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isoform, which is considered to be predominantly found in the cytosol. Under resting
conditions, the WT and mutant PDE3A2 variants showed similar enzyme activities
(Figure 19C). Upon forskolin-dependent stimulation of AC an increase in cAMP
hydrolysis was observed for T445N, A3aa and G449S compared to the WT protein
(Figure 19A). This suggests that PDE3AZ2 variants carrying mutations in the
regulatory region of the PDE3A gene are hyperactive, as was expected. Moreover,
the R862C substitution did not cause increased cAMP hydrolysis upon forskolin
treatment, reflected by comparable cAMP levels to the WT (Figure 19A). This
indicates that mutations affecting the region encoding the catalytic domain of PDE3A
might not be hyperactive, further confirming the fact that only mutations in the
regulatory region of the PDE3A gene increase the hydrolytic activity of the enzyme.

Administration of PDES3 inhibitors is an established therapeutic strategy for the
treatment of various cardiovascular diseases. However, severe side effects have
been associated with the long-term usage of PDES3 inhibitor therapy, most likely due
to the lack of selectivity for specific isoforms, which leads to activation of cAMP
signaling in multiple intracellular compartments (Ahmad et al. 2015a). The two PDE3-
specific inhibitors approved as drugs for the treatment of various cardiovascular
diseases, milrinone and cilostazol, interact both with common and distinct residues at
the active site of the enzyme (Zhang, Ke and Colman 2002). Milrinone has inotropic
and vasodilatory properties, while cilostazol possesses anti-platelet, anti-proliferative
and vasodilatory properties (Tariq and Aronow 2015, Rogers et al. 2015).

To better understand the changes induced by the mutations and to deduce
properties of the mutant protein, the effect of various PDE inhibitors on the activity of
the enzyme in HEK293 cells was investigated by FRET measurements. Milrinone
partially inhibited the WT protein and all PDE3A2 variants carrying mutations in the
regulatory region of the PDE3A gene, whereas it seemed to not affect the cAMP
hydrolytic capacity of the PDE3A2-R862C version (Figure 19A). The different
mutations could have different effects on the overall structure of PDE3A and
subsequently on the catalytic domain of the enzyme, which would in turn affect the
binding of milrinone in the active site of PDE3A. Furthermore, although the R862
residue has not been shown to directly bind to milrinone (Zhang et al. 2002,
Sadeghian et al. 2009), it is still possible that the R862C substitution might affect the
metal ion binding site of PDE3A, which would indirectly affect the inhibitor binding.
This has been previously reported in PDE4A, where an amino acid exchange of the

114



Discussion

metal binding residues decreased the interaction of rolipram to the enzyme (Jacobitz
et al. 1996). Cilostamide, a derivative of cilostazol, was used since it is more cell-
permeant than its analogue. Cilostamide appeared to be more efficient than milrinone
in inhibiting both the WT protein as well as the enzymes carrying mutations in the
hotspot region. The sensitivity of these proteins to cilostamide is similar to the WT
enzyme (Figure 19B). This could be due to subtle conformational changes of the
active site induced by the mutations that would promote cilostamide binding and
therefore, would allow for better inhibition of the enzyme.

The small molecule BAY 41-8543 promotes cGMP production by stimulating
sGC and therefore causes inhibition of PDE3A. Inhibition of PDE3A occurs due to the
binding of cGMP in the active site of the enzyme (Zaccolo and Movsesian 2007). It
was previously shown that cGMP stimulation and treatment with BAY 41-8543 in
HelLa cells inhibit both WT PDE3A as well as the enzyme carrying various mutations
in the hotspot region of the regulatory domain (Maass et al. 2015, Toka et al. 2015).
We tested the effect of BAY 41-8543 on the activity of the WT and mutant PDE3A2 in
HEK293 cells using FRET. Cyclic GMP-mediated inhibition of PDE3A was more
efficient for the T445N and A3aa PDE3AZ2 constructs as compared to the WT protein
(Figure 20B), suggesting that these mutations induce changes that promote cGMP
binding to the catalytic domain of PDE3A. The indirect inhibition of PDE3A achieved
through cGMP binding was however not as efficient as the direct inhibition of the
enzyme induced by cilostamide. On the contrary, the cGMP-mediated inhibitory
effect on the mutant enzymes is comparable to the one obtained when using
milrinone. Altogether, these data indicate that mutations at various sites within the
PDE3A gene induce different protein sensitivities towards different inhibitors.

Increased cAMP signaling has been previously shown to reduce hypertension
in spontaneously hypertensive rats (Berg, Degerman and Tasken 2009). Treatment
with BAY 41-8543 and subsequent inhibition of PDE3A normalized the mean arterial
pressure of both WT and A3aa HET rats, although the effect was stronger in the
mutant animals (Figure 10D) (Ercu et al. 2020). However, cGMP also leads to the
activation of PKG, which has vasodilatory properties (Hofmann et al. 2009).
Therefore, the observed decrease in blood pressure could also be due to cGMP-
mediated PKG activation and subsequent vasodilation. These data suggest that
activation of sGC could be a suitable treatment option for patients suffering from
HTNB.
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To verify whether PDE3A activity differs between the cytosol and the PM,
FRET measurements were performed in HEK293 cells at the PM using the
membrane-bound LynlICUE3 sensor and the mCherry-tagged PDE3A1 WT and
T445N variants. Similar to the situation in the cytosol, the T445N mutation increased
the enzymatic activity of PDE3A1 compared to the WT upon forskolin treatment,
whereas under resting conditions, both the WT and mutant protein showed similar
enzyme activities (Figure 21A and B).

These data show that mutations affecting the regulatory domain hotspot region
of the PDE3A gene increase the cAMP hydrolytic activity of the enzyme both in the
cytosol, as well as at the PM. Hyperactive PDE3A could prevent apoptosis and
induce increased cell proliferation. It has been previously shown that PDE3A1
upregulation induces the expression of the anti-apoptotic molecule B-cell lymphoma
2 (Bcl-2) by negatively regulating the transcriptional inducible cAMP early repressor
(ICER), both in vitro and in vivo (Oikawa et al. 2013). Also, PDE3A depletion was
shown to induce cell cycle arrest and hence to inhibit VSMC proliferation in PDE3A-
KO mice (Begum et al. 2011). Therefore, hyperactive PDE3A could prevent the
apoptosis and even induce the enhanced proliferation of the VSMCs. This could
potentially explain the VSMC hyperproliferation we observed in the second-order
mesenteric arteries of A3aa HET rats and thus the increased peripheral resistance
and subsequent high blood pressure. The second-order mesenteric arteries are
muscular arteries, containing more smooth muscle cells in the tunica media layer
than elastic arteries, such as the aorta (Leloup et al. 2015). This could potentially
explain the fact that the A3aa HET rats displayed increased media thickness of
second order mesenteric arteries, but not of aorta.

The enzyme carrying the R862C substitution was not hyperactive and thus
might not induce increased VSMC proliferation. This could explain the fact that the
blood pressure phenotype is not fully penetrant in the rats carrying the catalytic
domain mutation. However, some of these animals do have increased blood
pressure, suggesting that there might be additional factors other than the increased
enzymatic activity of PDE3A that contribute to the observed hypertension. Altered
phosphorylation and subsequent altered protein-protein interaction-driven
mechanisms or aberrant oligomerization could potentially lead to increased VSMC
proliferation and thus, to increased peripheral vascular resistance. In the R862C
substitution, an arginine is replaced by a cysteine. This could introduce disulfide
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bonds and subsequently increase the dimerization of the enzyme with a potential
influence on its activity or protein-protein interactions. This possibility is supported by
recent evidence showing that PDE4 activity is regulated by its dimerization (Cedervall
et al. 2015).

6.3. Mutations in the regulatory region of the PDE3A gene lead

to altered protein-protein interactions

Compartmentalization of cAMP signaling in specific locations is required to
ensure the interaction of the second messenger with localized effector proteins and
dysregulation in local cAMP signaling is detrimental (Zoccarato et al. 2015). To
achieve a coordinated cAMP-dependent signaling response, PDEs are either
tethered to specific subcellular compartments via structural motifs or are targeted to
particular compartments upon engaging in protein-protein interactions (Stangherlin
and Zaccolo 2012, Azevedo et al. 2014). PDEs are incorporated in a number of
signaling complexes upon their interaction with AKAPs (Klussmann 2016). In the
human heart, PDE3A1 is recruited in an AKAP18-based signalosome that controls
the Ca?' re-uptake into the SR and thereby cardiac relaxation. PDE3A1 is
incorporated into the complex upon PKA-mediated phosphorylation of serine
residues 292/293 (Ahmad et al. 2015b). Therefore, phosphorylation of PDE3A1
induces both a change in its localization, as well as a change in its interaction
partners.

Therefore, the interactome of PDE3A in the human heart was investigated via
mass spectrometry and verified whether the mutations might induce a change in it.
Various proteins were found to potentially interact with PDE3A (Tables 25 and 26
and Figure 22). One of the identified proteins that was further investigated was the
adaptor protein 14-3-3 0 (Table 25 and Figure 22A). It belongs to the 14-3-3 family of
conserved regulatory proteins expressed in all eukaryotic cells. They can bind
phosphorylated serine residues of a myriad of signaling proteins with diverse
functionality, including kinases and phosphatases and they regulate a variety of
biological processes, including signal transduction, cell cycle regulation, intracellular
trafficking and apoptosis (Aitken 2002, Fu, Subramanian and Masters 2000). The 14-
3-3 family consists of seven isoforms (B, v, €, o, {, 6 and n) (Fu et al. 2000) and five
of them (B, v, &, 6 and ) co-precipitated with PDE3A (Tables 25 and 26 and
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Supplemental Table S2), with 14-3-3 6 showing the highest intensity. Moreover, an
interaction between PDE3A and 14-3-3 proteins upon PMA-induced phosphorylation
of Ser428 on PDE3A was previously described in HelLa cells (Pozuelo Rubio et al.
2005, Corradini et al. 2015). In addition, 14-3-3 6 binding to PDE3B promoted by
PKA phosphorylation of the enzyme prevents phosphatase-dependent inactivation
(Palmer et al. 2007). Therefore, 14-3-3 6 binding to PDE3A could be involved in the
regulation of local PDE3A activity.

Upon validation of the 14-3-3 6 interaction to PDE3A in the human heart
(Figure 23), we tested whether PDE3A mutations that cause HTNB affect the
interaction of the two proteins. We showed increased binding of 14-3-3 6 to PDE3A
mutants, T445N and A3aa, compared to the WT after PMA but not forskolin
stimulation (Figure 24). These data confirmed that 14-3-3 6 interaction to PDE3A is
dependent on phosphorylation of the enzyme at Ser428, as previously described
(Pozuelo Rubio et al. 2005). Furthermore, these findings demonstrate that the HTNB
phenotype is associated with mutation-induced altered phosphorylation and altered
protein-protein interactions of PDE3A mutants.

Similar to the recruitment of PDE3A1 upon PKA phosphorylation into the
AKAP18-based signalosome (Ahmad et al. 2015b), the increased phosphorylation-
dependent interaction could induce a change in the location of the mutant proteins,
which could lead to a reduction in local cAMP levels caused by the hyperactive
enzymes. Therefore, it was verified whether the increased binding of 14-3-3 6 to
PDES3A causes a change in the enzyme’s location in the cell or with respect to 14-3-3
0 via immunofluorescence microscopy in HOC2 cells. To mimic the mutation-induced
hyperphosphorylation, H9C2 cells were treated with either PMA, forskolin or both
compounds in order to increase PDE3A phosphorylation. Both proteins were
distributed throughout the cytosol and no difference either in PDE3A localization or
with respect to 14-3-3 0 was detectable upon any of the treatments compared to the
control condition (Figure 25). Once again, one limitation to this method is the
relatively small resolution caused by the diffraction of light, i.e. less than 200-300 nm
in the lateral direction and less than 500-700 nm in the axial direction (Huang et al.
2009). Therefore, subtle differences in PDE3A location or between 14-3-3 6 and
PDE3A would not be visible under these parameters.

Another protein that co-precipitated with PDE3A is the catalytic subunit a of
PKA (Table 25 and Figure 22A). An interaction between PDE3A and the catalytic
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subunit oo of PKA was previously described in myocardial membranes (Ahmad et al.
2015b). This result was confirmed by co-precipitating both proteins from human heart
and from cardiomyocytes differentiated from WT and T445N-derived IPSCs (Figure
26). Mutation-induced alterations in PDE3A binding to the catalytic subunit o of PKA
could lead to aberrant phosphorylation of substrates found in the vicinity of PDE3A
and thus altering local signaling. Taking into account that PKA controls a multitude of
cellular processes, including cardiomyocyte contraction and cell growth and division,
some of the altered processes in the HTNB animal models, such as increased
systolic and diastolic blood pressure and enhanced VSMC proliferation could be
potentially explained by aberrant interaction between PDE3A and the catalytic
subunit o of PKA. For instance, reduced PKA-mediated phosphorylation of
vasodilator-stimulated phosphoprotein (VASP) at Ser157 has been associated with
increased VSMC proliferation after angioplasty (Zhao et al. 2008, Maass et al. 2015).
Therefore, a decrease in the interaction between PDE3A and the catalytic subunit o
of PKA and thus subsequent decrease in VASP Ser157 phosphorylation could
contribute to the observed enhanced VSMC proliferation.

The findings presented in this study are relevant not only for HTNB patients,
but also to essential hypertension, as found in the general population, since
understanding the molecular mechanisms that drive HTNB could provide insight into
mechanisms underlying blood pressure control and essential hypertension. This
conclusion is supported by a recent genome-wide linkage found in a subfamily of
Chinese subjects where a locus for essential hypertension coincided with the PDE3A
locus (Gong et al. 2003) and by further GWAS studies that underscored the
importance of the PDE3A locus in influencing blood pressure (Ehret et al. 2016, Kato
et al. 2015, Simino et al. 2013, Warren et al. 2017, Evangelou et al. 2018). Novel
therapeutic approaches that target compartment-specific PDE3A-driven signaling
events, and not its activity, for modulation of a disease-relevant signaling process
could pave the way to new PDE3A-dependent treatments, while avoiding the
deleterious side effects associated with PDE3 inhibitor therapy. Targeting unique
PDE3A-dependent protein-protein interactions in a specific cellular location to
generate compartment-specific effects on intracellular signaling is one example of
such therapeutic approach that could be relevant not only for treating HTNB patients

but also for the treatment of essential hypertension in the general population.
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6.4. PDE3A mutations that cause HTNB are cardioprotective
6.4.1.HTNB rat model is protected against hypertension-

associated end-organ damage

HTNB-affected individuals die of stroke by the age of 50 years if untreated
however, surprisingly, they do not develop hypertension-induced target-organ
damage. They show no signs of cardiac hypertrophy, heart failure or kidney damage,
as would be expected after decade-long hypertension (Hattenbach et al. 1998, Toka
et al. 2015). The heart responds to cardiac stress, such as increased blood pressure
and myocardial infarction, by undergoing a remodeling process in the attempt to
maintain normal function and satisfy the oxygen needs of the body (Towbin and
Bowles 2002). At the cellular level specific genes that promote the non-mitotic growth
of cardiac myocytes are upregulated and therefore they undergo compensatory
hypertrophy in an attempt to maintain normal cardiac function (Frey and Olson 2003).
In the long term, however, this stress-induced adaptation leads to adverse events,
including cardiomyocyte death and fibrosis and ultimately to heart failure, a condition
in which the heart is unable to supply the required amount of blood and oxygen
throughout the body (Schirone et al. 2017). Moreover, defects in cardiac
angiogenesis and vascularization further impair the oxygen supply and therefore
contribute to the disease progression (Gogiraju, Bochenek and Schafer 2019).

Similar to the absent cardiac hypertrophy, the individuals suffering from HTNB
do not present any sign of impaired kidney function. Laboratory tests have been
performed in which the level of electrolytes, acid-base regulation and renin-
angiotensin-catecholamine values were assessed and were all found to be normal
(Schuster et al. 1996, van den Born et al. 2016, Toka et al. 2015). Furthermore, no
abnormalities were detected when the kidneys were visualized by echocardiography
or computed tomography (Fan et al. 2020). Overall, the renal function of the HTNB-
affected individuals was assessed to be normal (Toka et al. 2015, Hattenbach et al.
1998).

Analogous to the patient situation, the A3aa HET and HOM rats did not display
an increase in various cardiac parameters measured via echocardiography,
suggesting that mutations affecting the hotspot region of the PDE3A gene have
cardioprotective effects. Recently, various serum and urine parameters were also

evaluated and were similar in WT and A3aa HET rats. Moreover, the mutant animals
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showed no signs of proteinuria or perturbed renal function. The components of the
RAAS were also measured and compared. The levels of angiotensin-Il,
angiotensinogen, aldosterone and plasma renin were comparable between WT and
A3aa HET animals (Ercu et al. 2020). As already mentioned, RAAS plays an
essential role in vascular tone regulation and hence, in peripheral vascular resistance
(Mehta and Malik 2006). The fact that the A3aa HET rats show signs of increased
peripheral vascular resistance but no alterations in the components of the renin-
angiotensin-aldosterone axis, further confirms that the mechanism underlying the
hypertension is related to VSMC signaling and proliferation. Furthermore, the mRNA
expression levels of two renal damage markers, Lcn2 and Havcr1, were measured
and no differences were observed between the WT and A3aa HET rats (Ercu et al.
2020). In conclusion, the A3aa HET rats resemble the HTNB patients and present no
signs of target-organ damage, further confirming the hypothesis that HTNB-causative
PDE3A mutations protect against cardiac damage and impaired renal function.

Therefore, it appears that the HTNB-causative mutations affecting the
regulatory region of the PDE3A gene protect against hypertension-associated end-
organ damage.

6.4.2. Elucidating the molecular mechanism underlying the

cardioprotective effects of the PDE3A mutations

To gain insight into the molecular mechanism underlying the cardioprotective
effect of PDE3A mutations, the expression of the PDE3A isoforms in the heart of WT,
A3aa HET and functional DEL animals was investigated. PDE3A1 but not PDE3A2
expression was downregulated in the A3aa HET rats compared to the WT animals
(Figure 27). PDE3A1 is the main isoform found in the heart (Hambleton et al. 2005).
Since the protein carrying the A3aa deletion was shown to be hyperactive,
downregulation could be compensatory mechanism. Overexpression of PDE3A1 was
associated with lower TGF-f levels and protected the heart against cardiac
hypertrophy and fibrosis (lwaya et al. 2014). Therefore, PDE3A1 hyperactivity
observed in the A3aa HET rats compared to the WT animals could, at least partly,
account for the lack of hypertrophy observed in both HTNB patients and HTNB rat
model.
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Alterations in the excitation-contraction coupling machinery of cardiomyocytes
can cause severe pathologies, including heart failure (Bers 2002, Layland et al. 2005,
Kensler et al. 2017, Zima et al. 2014). PDE3A plays a major role in cardiac
contraction regulation since PKA-dependent phosphorylation is needed for the proper
functioning of proteins that assure proper excitation-contraction coupling. Since
PDE3A mutations appear to protect against cardiac remodeling and hence, heart
failure, the expression of key players in cardiac contraction and relaxation in the left
ventricle of WT, A3aa HET and functional DEL rats were investigated. RyR2 are
calcium channels that, when open, allow Ca?* to move from the SR into the cytosol, a
process known as Ca?*-induced Ca?* release, thus promoting contraction. PKA-
dependent phosphorylation of RyR2 at Ser2808 and Ser2030, as well as
Ca/Calmodulin-dependent kinase type Il (CaMKIl)-dependent phosphorylation at
Ser2814 are considered relevant for the functionality of the channel (Zima et al.
2014). PLN, when unphosphorylated, inhibits SERCAZ2 activity by lowering its affinity
for Ca?*. PKA-dependent phosphorylation of PLN at Ser16 relieves this inhibition,
thereby promoting Ca?* re-uptake into the SR and relaxation (Zima et al. 2014,
Kranias and Hajjar 2012). The expression levels of phosphorylated RyR2 at Ser2808
and phosphorylated PLN at Ser16 were increased in A3aa HET rats compared to the
WT and functional DEL animals (Figure 29), suggesting increased Ca?* cycling, i.e.
more Ca?* available for contraction and more Ca?* pumped back into the SR,
facilitating relaxation, in the HTNB rat model. Taking into account that normally in
response to high blood pressure the heart undergoes cardiac remodeling as an
attempt to maintain normal function, the increase in Ca?* cycling could explain the
lack of cardiac hypertrophy despite the severe hypertension. Therefore, Ca®* imaging
in HTNB rat model-derived adult cardiomyocytes is required in order to investigate
changes in Ca?* cycling.

The loss of PDE3A in murine hearts led to increased baseline myocardial
contractility associated with elevated phosphorylation of PLN at Ser16, increased
RyR2 phosphorylation at Ser 2808, Ser2814 and ser2830 and reduced RyR2
expression (Beca et al. 2013). This was not the case for our functional DEL rats,
where the phosphorylation levels of PLN at Ser16 and RyR2 at Ser2808 were
comparable to the WT rats. A potential explanation for this difference could be the
fact that in this study the protein expression in rat left ventricles was investigated,
whereas Beca et al. measured the expression in whole heart lysates. Moreover, the
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relative expression of PDE genes differs significantly by species and thus the cAMP
degradation mediated by specific PDEs varies between different species. For
example, in the rodent myocardium, PDE4 is responsible for up to 60 % in the rat
heart and about 30 % in the mouse heart of cAMP hydrolysis (Knight and Yan 2012).
Therefore, it seems that increased PDE4-mediated cAMP hydrolysis takes place in
the rat heart, leading to decreased PKA-induced substrate, e.g. PLN and RyR2,
phosphorylation. Furthermore, PLN is a small monomeric protein that forms
oligomers, most commonly pentamers (Wittmann, Lohse and Schmitt 2015). Beca et
al. investigated the phosphorylation levels of the monomer, whereas in this study the
trimer PLN was analyzed, due to antibody limitations. This could also be a possible
explanation for the observed difference in the PKA-mediated phosphorylation pattern
of PLN.

MyBPC and Troponin I, when phosphorylated, enhance contractions and the
later also accelerates relaxation (Kensler et al. 2017, Layland et al. 2005). No
difference in the PKA-dependent phosphorylation of these two proteins was observed
between the WT, A3aa HET and functional DEL rats, with the exception of a
decrease in the amount of phosphorylated MyBPC in the functional DEL animals
compared to the WT ones (Figure 29). These data indicate that the cardioprotective
effect is more likely given indirectly, by an increase in Ca?* cycling, i.e. more Ca?*
being released into the cytosol from the SR thus promoting contraction and more
Ca?* being pumped back into the SR facilitating relaxation, rather than by directly

promoting or inhibiting actomyosin interaction.

6.4.3.The HTNB animal models are protected from cardiac

damage upon cardiac stress induction

To further investigate the cardioprotective effect of PDE3A mutations, various
cardiac parameters were measured via echocardiography in WT, A3aa HET,
functional DEL and R862C mutant rats upon cardiac stress induction by isoproterenol
treatment. Unfortunately, for the functional DEL and R862C rats, measurements
have been performed for only two animals. This happened firstly due to the death of
some of the animals during the procedure and secondly, the measurements had to
be stopped and animals sacrificed because of the current coronavirus pandemic.
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LV mass and LVID are indicative parameters for the wall thickness of the
myocardium that strongly correlate with pathological cardiac remodeling (Gaasch and
Zile 2011). After 14 days of isoproterenol treatment, the A3aa HET rats showed
unchanged or even decreased LV mass or LVID value compared to the other
genotypes, suggesting that cardiac stress does not induce left ventricular
hypertrophy in the A3aa HET animals. These data confirm the previous observation
that mutations in the regulatory region of the PDE3A gene protect the heart against
cardiac remodeling (Toka et al. 2015).

Cardiac output and ejection fraction are two parameters used to assess the
volume of blood leaving the heart during systole and when impaired, they are strong
predictors of heart failure (Citation, Reddi et al., 2017). Upon cardiac stress induction,
the cardiac output and ejection fraction of the A3aa HET rats were higher compared
to those measured in non-stressed hearts from WT rats or from A3aa HET animals.
Furthermore, the amount of blood in a ventricle at the end of contraction, also known
as the end-systolic volume, was significantly decreased in the A3aa HET rats
compared to the WT after stressing the heart. Taken together, these data indicate
that the A3aa HET animals could manifest stronger contractions upon cardiac stress
induction, which could compensate to maintain the normal function of the heart and
pump the required amount of blood. This is further confirmed by the increase in the
expression levels of phosphorylated RyR2 and PLN detected in the left ventricles of
A3aa HET rats (Figure 29), which indicate increased Ca?* cycling and hence stronger
contractions in these animals. Nevertheless, more measurements are needed since
for the functional DEL animals, as well as for the R862C ones, only two animals were
available for each of the tested groups.

6.5. PDE3A mutations can both cause and prevent disease

Collectively, the data presented here indicate that PDE3A mutations can both
drive and prevent disease. In HTNB, the mutant, hyperactive PDE3A causes
hypertension by driving mechanisms that increase VSMC proliferation and peripheral
vascular resistance. On the contrary, PDE3A mutations affecting the regulatory
region of the PDE3A gene protect the heart against cardiac remodeling by promoting
an increase in Ca?* cycling, thus inducing stronger contractions and enhancing

relaxation, allowing the heart to maintain its normal function without cardiomyocyte
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hypertrophy induction (Figure 31). The mutations affecting the region encoding the
catalytic domain of PDE3A do not cause hyperactivity and therefore can lead to
hypertension in HTNB patients via alternative mechanisms that increase VSMC
proliferation and peripheral vascular resistance, such as altered protein-protein

interaction-driven mechanisms or aberrant oligomerization.
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Figure 31: Schematic representation of the proposed mechanism for PDE3A mutation-induced
hypertension and cardioprotection. PDE3A mutations affecting the regulatory domain have been
shown to cause increased PDE3A phosphorylation, hyperactivity and appear to activate the Ca?*
machinery of the cardiomyocyte and induce increased Ca?* cycling. The hyperphosphorylation caused
by the mutations promotes altered protein-protein interactions that could change the cellular
localization of the enzyme. The hyperactive enzyme decreases the cAMP levels at specific
microdomains, which could potentially result in less phosphorylation and activation of PKA effector
proteins (e.g. ICER, VASP) due to less active PKA. ICER has been shown to induce apoptosis and to
inhibit proliferation of VSMCs (Ohtsubo et al. 2007). Therefore, a decrease in PKA-mediated ICER
activation could decrease VSMC apoptosis and lead to the observed VSMC hyperproliferation and
subsequent increased peripheral vascular resistance, which was shown to cause hypertension.
Furthermore, reduced PKA-mediated phosphorylation of VASP has been associated with VSMC
proliferation (Zhao et al. 2008). In the heart, decreased ICER activation has been shown to reduce
cardiomyocyte apoptosis and to decrease the pathological cardiac remodeling (Oikawa et al. 2013),
thus having a cardioprotective effect. Lastly, the increase in Ca?" cycling would allow the heart to
maintain its normal function and pump the required amount of blood in spite of the severe
hypertension, thereby having a cardioprotective effect by decreasing the cardiac hypertrophy and

subsequent cardiac remodeling.
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7. Outlook

The study presented in this thesis shows that hyperactive PDE3A causes
HTNB but protects against cardiac damage. The findings direct attention towards
novel therapeutic approaches for lowering blood pressure and protecting against
heart failure, namely by addressing PDE3A-driven signaling events and targeting its
unique protein-protein interactions to achieve compartment-specific effects on
intracellular signaling.

To understand the mechanisms driven by the mutated PDE3A gene that lead
to the increased peripheral vascular resistance and decreased pathological cardiac
remodeling, the expression of activated PKA effector proteins, e.g. ICER and VASP,
should be measured in the heart and vessels of WT, A3aa HET and functional DEL
rats. Moreover, the activity of WT and mutant PDE3A could be investigated by FRET
in other cellular compartments, e.g. at the mitochondria or inside the nucleus. In the
mitochondria cAMP-PKA signaling is essential for various processes, including
mitochondrial fission and apoptosis (Zhang et al. 2016). In the nucleus, cAMP
regulates transcription via CREB activation mediated by PKA (Lefkimmiatis and
Zaccolo 2014). We already have mitochondria- and nucleus-targeted FRET
biosensors for monitoring cAMP levels. Furthermore, it would be very interesting to
measure PKA activity at various cellular compartments. We also have FRET
biosensors for monitoring PKA activity in the cytosol, at the PM, at the mitochondria
or inside the nucleus.

The consequences of the increased interaction between mutant PDE3A and
14-3-3 6 should be also further investigated to determine whether it contributes to the
increased peripheral vascular resistance or to the cardioprotective effect. More
specifically, it should be verified whether the increased interaction induces a change
in PDE3A localization or activity. Further aberrant protein-protein interactions may
contribute to both the increased peripheral vascular resistance and the
cardioprotective effect of PDE3A by tethering the mutant enzyme to compartments
different from those of WT PDE3A. Therefore, the interactome of mutant PDE3A in
the heart of the mutant rat model should be analyzed. We expect the interactome to
be different in different tissues, especially in the peripheral arteries compared to the
heart. Candidate proteins, such as scaffolding proteins, will be characterized with
respect to their ability to tether mutant PDE3A aberrantly to a compartment. If such
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candidate proteins are found, small molecule inhibitors of mutant PDE3A or
enhancers of the WT enzyme with identified candidate protein will be searched by
screening and subsequently tested for their anti-hyperproliferative or cardioprotective
effects respectively.

Lastly, the mutations have been shown to induce increased PMA-dependent
phosphorylation of PDE3A1 and PDE3A2 at Ser428 (Maass et al. 2015, Ercu et al.
2020), site phosphorylated by PKC (Movsesian, Ahmad and Hirsch 2018), an
important modulator of cellular Ca?* signaling (Lipp and Reither 2011). Therefore,
Ca?* imaging in adult cardiomyocytes and VSMCs from WT, A3aa HET, functional
DEL and R862C rats should be performed to verify whether the mutations affecting
the regulatory region of the PDE3A gene promote an increase in Ca?* cycling.
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11. Appendix
11.1. Supplemental Results

Supplemental Table S1: Statistical analysis for the SBP, DBP and heart rate measured for WT,
A3aa HET, A3aa HOM and functional DEL rat models. Shown are the p values corresponding to the

data presented in Figure 10B.

P (genotype rats, systolic) = 3.371249e-08
P (genotype rats, diastolic) = 1.127179e-17
P (genotype rats, heart rate) = 0.00034653

Systolic WT vs. functional DEL = 0.000781638481121916
Systolic WT vs. A3aa HET = 1.87298941789806e-05

Systolic WT vs. A3aa HOM = 0.00390622244654646

Systolic functional DEL vs. A3aa HET =? 6.46910576721325e-08
Systolic functional DEL vs. A3aa HOM = 5.63714446462809e-06
Systolic A3aa HET vs. A3aa HOM = 0.664605889221758

Diastolic WT vs. functional DEL = 0.0471172223084532

Diastolic WT vs. A3aa HET = 1.82252752067942e-06

Diastolic WT vs. A3aa HOM = 8.257144939323e-07

Diastolic functional DEL vs. A3aa HET = 1.80855674803871e-06
Diastolic functional DEL vs. A3aa HOM = 3.21764541459098e-12
Diastolic A3aa HET vs. A3aa HOM = 0.00186857643850765

HR WT vs. functional DEL = 1.24113096775992e-05

HR WT vs. A3aa HET = 0.375719381357057

HR WT vs. A3aa HOM = 0.905779123838626

HR functional DEL vs. A3aa HET = 2.20296081439421e-06
HR functional DEL vs. A3aa HOM = 0.0183140364364043
HR A3aa HET vs. A3aa HOM = 0.793912351589182

Western blotting was performed and the expression levels of proteins
essential for cardiac stress response, proliferation and excitation-contraction coupling
was investigated. The expression levels of atrial natriuretic peptide (ANP) and B-type
natriuretic peptide (BNP), two endogenously generated peptides whose expression is
elevated in chronic heart failure (Falcéo et al. 2004) were assessed in the hearts’ left
ventricles of WT, A3aa HET and functional DEL animals. Increased expression of
ANP was observed in the isoproterenol-treated rats compared to the NaCl-treated
controls. The increase in ANP expression appeared to be smaller in the A3aa HET
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animals compared to the WT controls and even smaller in the functional DEL rats
after 14 days of isoproterenol treatment. BNP abundance seemed to decrease in
A3aa HET and functional DEL rats upon isoproterenol treatment compared to the
respective controls, whereas no decrease was observed in the WT animals
(Supplemental Figure S1).
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Supplemental Figure S1: Expression of hypertrophy markers, ANP and BNP, in the heart of WT
and mutant animals. Upper panel: ANP and BNP were detected by Western blotting in the left
ventricles of WT, A3aa HET and functional DEL rats after 14 days of either NaCl or isoproterenol
treatment. GAPDH was detected as loading control. Lower panel: Semi-quantitative analysis of ANP
and BNP by densitometric analysis. Plotted are the expression levels of the proteins normalized to the

loading control; n = 2 independent experiments. Mean + SEM is plotted.

To test whether there are differences in cell proliferation between WT and
mutant animals, the expression of phosphorylated ERK1/2 (44 kDa and 42 kDa,
respectively) was examined. The abundance of both ERK proteins appeared to
decrease upon isoproterenol treatment in the left ventricles of A3aa HET animals

compared to the NaCl-treated ones. ERK2 expression seemed to increase in left
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ventricles from WT animals upon cardiac stress induction compared to the control
condition, whereas ERK1 appeared to remain unchanged. For the functional DEL
animals, the experiments suggest that ERK1 expression was slightly decreased upon
isoproterenol treatment, while ERK2 levels remained unchanged (Supplemental
Figure S2).
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Supplemental Figure S2: Expression of cell proliferation markers in the heart of WT and mutant
animals. Upper panel: The PKA-phosphorylated and non-phosphorylated forms of ERK were detected
by Western blotting in the heart of WT, A3aa HET and functional DEL rats. Hsp60 was detected as
loading control. Lower panel: Semi-quantitative analysis of the 42 kDa and 44 kDa-sized ERK and
phosphorylated ERK (pERK) by densitometric analysis. Plotted are the expression levels of the
phosphorylated proteins normalized to the expression levels of the non-phosphorylated proteins and

then to the loading control; n = 2 independent experiments. Mean + SEM is plotted.

To assess the effect of isoproterenol treatment on cardiac contraction and
relaxation in WT, A3aa HET and functional DEL rats, the amount of phosphorylated
Troponin | was examined. In functional DEL animals, decreased levels of

phosphorylated Troponin | were observed upon 14-day isoproterenol treatment
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compared to the NaCl control condition. No difference was apparent in the left
ventricles of WT and A3aa HET rats (Supplemental Figure S3).
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Supplemental Figure S3: Expression of excitation-contraction coupling system components in
the heart of WT and mutant animals. Upper panel: The PKA-phosphorylated and non-
phosphorylated forms of Troponin | were detected by Western blotting in the left ventricles of hearts of
WT, A3aa HET and functional DEL rats. Hsp60 was detected as loading control. Lower panel: Semi-
quantitative analysis of the above-mentioned proteins by densitometric analysis. Plotted are the
expression levels of the phosphorylated proteins normalized to the expression levels of the non-

phosphorylated proteins and then to the loading control; n = 2 independent experiments. Mean + SEM
is plotted.

The expression of other PDEs, which could indicate potential compensatory
effect, was also assessed. PDES5 protein levels decreased in the functional DEL rat
hearts after isoproterenol treatment. A decrease in the abundance of PDE4A was
observed for all three genotypes upon induction of cardiac stress, the highest
expression levels being detected in the A3aa HET animals. Since we showed that the
interaction of mutant PDE3A to 14-3-3 0 is increased compared to the WT protein,
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the expression levels of the adaptor protein were also investigated in our animal
models. 14-3-3 0 protein abundance was decreased in the A3aa HET rats compared
to the WT ones and did not seem to be affected by isoproterenol administration. For
the functional DEL animals however, isoproterenol treatment led to an increase in 14-
3-3 6 expression. Lastly, taking into account that PDE3A interaction to 14-3-3 0 is
dependent on the PKC-mediated phosphorylation of Ser428 on PDE3A, the
abundance of phosphorylated PKC substrates in the left ventricles of WT, A3aa HET
and functional DEL rat hearts upon isoproterenol treatment was also addressed. The
abundance of phosphorylated PKC substrates was greater in the left ventricles of
A3aa HET and functional DEL rat hearts compared to the WT ones. Isoproterenol
administration did not affect the expression levels of phosphorylated PKC substrates
in the WT animals, whereas it led to a decrease in their abundance for both A3aa

HET and functional DEL animals (Supplemental Figure S4).
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Supplemental Figure S4: Expression of other PDEs, phosphorylated PKC substrate proteins
and 14-3-3 0 in the left ventricle of WT and mutant animals. Upper panel: PDE4A, PDES5,
phosphorylated PKC substrates and 14-3-3 6 were detected by Western blotting in the heart of WT,

A3aa HET and functional DEL rats. Hsp60 was detected as loading control. Lower panel: Semi-
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quantitative analysis of the above-mentioned proteins by densitometric analysis. Plotted are the
expression levels of the described proteins normalized to the loading control; n = 2 independent

experiments. Mean + SEM is plotted.

11.2. Plasmid sequences of cloned constructs

The inserted genes of interest are labeled in green and the mCherry tag is
labeled in red. The corresponding mutations are shown in bold and underlined. All
the following genes are cloned into the mCherry-N1 vector and therefore the whole
sequence is given only one time. Subsequent sequences start from the CMV
promoter (underlined sequence) and end after the stop codon (labeled in red and
bold).

1. PDE3A1-A3aa-mCherry

GACGGATCGGGAGATCTCCCGATCCCCTATGGTGCACTCTCAGTACAATCTGCTCTGATGCCGCATAGTTAAGCC
AGTATCTGCTCCCTGCTTGTGTGTTGGAGGTCGCTGAGTAGTGCGCGAGCAAAATTTAAGCTACAACAAGGCAAG
GCTTGACCGACAATTGCATGAAGAATCTGCTTAGGGTTAGGCGTTTTGCGCTGCTTCGCGATGTACGGGCCAGAT
ATACGCGTTGACATTGATTATTGACTAGTTATTAATAGTAATCAATTACGGGGTCATTAGTTCATAGCCCATATA
TGGAGTTCCGCGTTACATAACTTACGGTAAATGGCCCGCCTGGCTGACCGCCCAACGACCCCCGCCCATTGACGT
CAATAATGACGTATGTTCCCATAGTAACGCCAATAGGGACTTTCCATTGACGTCAATGGGTGGAGTATTTACGGT
AAACTGCCCACTTGGCAGTACATCAAGTGTATCATATGCCAAGTACGCCCCCTATTGACGTCAATGACGGTAAAT
GGCCCGCCTGGCATTATGCCCAGTACATGACCTTATGGGACTTTCCTACTTGGCAGTACATCTACGTATTAGTCA
TCGCTATTACCATGGTGATGCGGTTTTGGCAGTACATCAATGGGCGTGGATAGCGGTTTGACTCACGGGGATTTC
CAAGTCTCCACCCCATTGACGTCAATGGGAGTTTGTTTTGGCACCAAAATCAACGGGACTTTCCAAAATGTCGTA
ACAACTCCGCCCCATTGACGCAAATGGGCGGTAGGCGTGTACGGTGGGAGGTCTATATAAGCAGAGCTCTCTGGC

TAACTAGAGAACCCACTGCTTACTGGCTTATCGAAATTAATACGACTCACTATAGGGAGACCCAAGCTGGCTAGC
GTTTAAACGGGCCCTCTAGAATTGCCCTTACCGCC
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TAACTCGAGGAATTCAGGCCTCCATGGGAGC
TCGCGGCCGCCACTGTGCTGGATATCTGCAGAATTCCACCACACTGGACTAGTGGATCCGAGCTCGGTACCAAGC
TTAAGTTTAAACCGCTGATCAGCCTCGACTGTGCCTTCTAGTTGCCAGCCATCTGTTGTTTGCCCCTCCCCCGTG
CCTTCCTTGACCCTGGAAGGTGCCACTCCCACTGTCCTTTCCTAATAAAATGAGGAAATTGCATCGCATTGTCTG
AGTAGGTGTCATTCTATTCTGGGGGGTGGGGTGGGGCAGGACAGCAAGGGGGAGGATTGGGAAGACAATAGCAGG
CATGCTGGGGATGCGGTGGGCTCTATGGCTTCTGAGGCGGAAAGAACCAGCTGGGGCTCTAGGGGGTATCCCCAC
GCGCCCTGTAGCGGCGCATTAAGCGCGGCGGGTGTGGTGGTTACGCGCAGCGTGACCGCTACACTTGCCAGCGCC
CTAGCGCCCGCTCCTTTCGCTTTCTTCCCTTCCTTTCTCGCCACGTTCGCCGGCTTTCCCCGTCAAGCTCTAAAT
CGGGGGCTCCCTTTAGGGTTCCGATTTAGTGCTTTACGGCACCTCGACCCCAAAAAACTTGATTAGGGTGATGGT
TCACGTAGTGGGCCATCGCCCTGATAGACGGTTTTTCGCCCTTTGACGTTGGAGTCCACGTTCTTTAATAGTGGA
CTCTTGTTCCAAACTGGAACAACACTCAACCCTATCTCGGTCTATTCTTTTGATTTATAAGGGATTTTGCCGATT
TCGGCCTATTGGTTAAAAAATGAGCTGATTTAACAAAAATTTAACGCGAATTAATTCTGTGGAATGTGTGTCAGT
TAGGGTGTGGAAAGTCCCCAGGCTCCCCAGCAGGCAGAAGTATGCAAAGCATGCATCTCAATTAGTCAGCAACCA
GGTGTGGAAAGTCCCCAGGCTCCCCAGCAGGCAGAAGTATGCAAAGCATGCATCTCAATTAGTCAGCAACCATAG
TCCCGCCCCTAACTCCGCCCATCCCGCCCCTAACTCCGCCCAGTTCCGCCCATTCTCCGCCCCATGGCTGACTAA
TTTTTTTTATTTATGCAGAGGCCGAGGCCGCCTCTGCCTCTGAGCTATTCCAGAAGTAGTGAGGAGGCTTTTTTG
GAGGCCTAGGCTTTTGCAAAAAGCTCCCGGGAGCTTGTATATCCATTTTCGGATCTGATCAAGAGACAGGATGAG
GATCGTTTCGCATGATTGAACAAGATGGATTGCACGCAGGTTCTCCGGCCGCTTGGGTGGAGAGGCTATTCGGCT
ATGACTGGGCACAACAGACAATCGGCTGCTCTGATGCCGCCGTGTTCCGGCTGTCAGCGCAGGGGCGCCCGGTTC
TTTTTGTCAAGACCGACCTGTCCGGTGCCCTGAATGAACTGCAGGACGAGGCAGCGCGGCTATCGTGGCTGGCCA
CGACGGGCGTTCCTTGCGCAGCTGTGCTCGACGTTGTCACTGAAGCGGGAAGGGACTGGCTGCTATTGGGCGAAG
TGCCGGGGCAGGATCTCCTGTCATCTCACCTTGCTCCTGCCGAGAAAGTATCCATCATGGCTGATGCAATGCGGC
GGCTGCATACGCTTGATCCGGCTACCTGCCCATTCGACCACCAAGCGAAACATCGCATCGAGCGAGCACGTACTC
GGATGGAAGCCGGTCTTGTCGATCAGGATGATCTGGACGAAGAGCATCAGGGGCTCGCGCCAGCCGAACTGTTCG
CCAGGCTCAAGGCGCGCATGCCCGACGGCGAGGATCTCGTCGTGACCCATGGCGATGCCTGCTTGCCGAATATCA
TGGTGGAAAATGGCCGCTTTTCTGGATTCATCGACTGTGGCCGGCTGGGTGTGGCGGACCGCTATCAGGACATAG
CGTTGGCTACCCGTGATATTGCTGAAGAGCTTGGCGGCGAATGGGCTGACCGCTTCCTCGTGCTTTACGGTATCG
CCGCTCCCGATTCGCAGCGCATCGCCTTCTATCGCCTTCTTGACGAGTTCTTCTGAGCGGGACTCTGGGGTTCGA
AATGACCGACCAAGCGACGCCCAACCTGCCATCACGAGATTTCGATTCCACCGCCGCCTTCTATGAAAGGTTGGG
CTTCGGAATCGTTTTCCGGGACGCCGGCTGGATGATCCTCCAGCGCGGGGATCTCATGCTGGAGTTCTTCGCCCA
CCCCAACTTGTTTATTGCAGCTTATAATGGTTACAAATAAAGCAATAGCATCACAAATTTCACAAATAAAGCATT
TTTTTCACTGCATTCTAGTTGTGGTTTGTCCAAACTCATCAATGTATCTTATCATGTCTGTATACCGTCGACCTC
TAGCTAGAGCTTGGCGTAATCATGGTCATAGCTGTTTCCTGTGTGAAATTGTTATCCGCTCACAATTCCACACAA
CATACGAGCCGGAAGCATAAAGTGTAAAGCCTGGGGTGCCTAATGAGTGAGCTAACTCACATTAATTGCGTTGCG
CTCACTGCCCGCTTTCCAGTCGGGAAACCTGTCGTGCCAGCTGCATTAATGAATCGGCCAACGCGCGGGGAGAGG
CGGTTTGCGTATTGGGCGCTCTTCCGCTTCCTCGCTCACTGACTCGCTGCGCTCGGTCGTTCGGCTGCGGCGAGC
GGTATCAGCTCACTCAAAGGCGGTAATACGGTTATCCACAGAATCAGGGGATAACGCAGGAAAGAACATGTGAGC
AAAAGGCCAGCAAAAGGCCAGGAACCGTAAAAAGGCCGCGTTGCTGGCGTTTTTCCATAGGCTCCGCCCCCCTGA
CGAGCATCACAAAAATCGACGCTCAAGTCAGAGGTGGCGAAACCCGACAGGACTATAAAGATACCAGGCGTTTCC
CCCTGGAAGCTCCCTCGTGCGCTCTCCTGTTCCGACCCTGCCGCTTACCGGATACCTGTCCGCCTTTCTCCCTTC
GGGAAGCGTGGCGCTTTCTCATAGCTCACGCTGTAGGTATCTCAGTTCGGTGTAGGTCGTTCGCTCCAAGCTGGG
CTGTGTGCACGAACCCCCCGTTCAGCCCGACCGCTGCGCCTTATCCGGTAACTATCGTCTTGAGTCCAACCCGGT
AAGACACGACTTATCGCCACTGGCAGCAGCCACTGGTAACAGGATTAGCAGAGCGAGGTATGTAGGCGGTGCTAC
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AGAGTTCTTGAAGTGGTGGCCTAACTACGGCTACACTAGAAGAACAGTATTTGGTATCTGCGCTCTGCTGAAGCC
AGTTACCTTCGGAAAAAGAGTTGGTAGCTCTTGATCCGGCAAACAAACCACCGCTGGTAGCGGTTTTTTTGTTTG
CAAGCAGCAGATTACGCGCAGAAAAAAAGGATCTCAAGAAGATCCTTTGATCTTTTCTACGGGGTCTGACGCTCA
GTGGAACGAAAACTCACGTTAAGGGATTTTGGTCATGAGATTATCAAAAAGGATCTTCACCTAGATCCTTTTAAA
TTAAAAATGAAGTTTTAAATCAATCTAAAGTATATATGAGTAAACTTGGTCTGACAGTTACCAATGCTTAATCAG
TGAGGCACCTATCTCAGCGATCTGTCTATTTCGTTCATCCATAGTTGCCTGACTCCCCGTCGTGTAGATAACTAC
GATACGGGAGGGCTTACCATCTGGCCCCAGTGCTGCAATGATACCGCGAGACCCACGCTCACCGGCTCCAGATTT
ATCAGCAATAAACCAGCCAGCCGGAAGGGCCGAGCGCAGAAGTGGTCCTGCAACTTTATCCGCCTCCATCCAGTC
TATTAATTGTTGCCGGGAAGCTAGAGTAAGTAGTTCGCCAGTTAATAGTTTGCGCAACGTTGTTGCCATTGCTAC
AGGCATCGTGGTGTCACGCTCGTCGTTTGGTATGGCTTCATTCAGCTCCGGTTCCCAACGATCAAGGCGAGTTAC
ATGATCCCCCATGTTGTGCAAAAAAGCGGTTAGCTCCTTCGGTCCTCCGATCGTTGTCAGAAGTAAGTTGGCCGC
AGTGTTATCACTCATGGTTATGGCAGCACTGCATAATTCTCTTACTGTCATGCCATCCGTAAGATGCTTTTCTGT
GACTGGTGAGTACTCAACCAAGTCATTCTGAGAATAGTGTATGCGGCGACCGAGTTGCTCTTGCCCGGCGTCAAT
ACGGGATAATACCGCGCCACATAGCAGAACTTTAAAAGTGCTCATCATTGGAAAACGTTCTTCGGGGCGAAAACT
CTCAAGGATCTTACCGCTGTTGAGATCCAGTTCGATGTAACCCACTCGTGCACCCAACTGATCTTCAGCATCTTT
TACTTTCACCAGCGTTTCTGGGTGAGCAAAAACAGGAAGGCAAAATGCCGCAAAAAAGGGAATAAGGGCGACACG
GAAATGTTGAATACTCATACTCTTCCTTTTTCAATATTATTGAAGCATTTATCAGGGTTATTGTCTCATGAGCGG
ATACATATTTGAATGTATTTAGAAAAATAAACAAATAGGGGTTCCGCGCACATTTCCCCGAAAAGTGCCACCTGA
CGTC

AmpR promoter

CMV enhancer)
AmpR
CMV promoter

(CAP binding site)
lac promoter
(lac operatop

PDE3A1-A3aa-mCherry
SV40 poly(A) signal

9154 bp

SV40 promoter

bGH poly(A) signal

Supplemental Figure S5: Vector map of PDE3A1-A3aa-mCherry

2. PDE3A1-G449S-mCherry

GTGATGCGGTTTTGGCAGTACATCAATGGGCGTGGATAGCGGTTTGACTCACGGGGATTTCCAAGTCTCCACCCC
ATTGACGTCAATGGGAGTTTGTTTTGGCACCAAAATCAACGGGACTTTCCAAAATGTCGTAACAACTCCGCCCCA
TTGACGCAAATGGGCGGTAGGCGTGTACGGTGGGAGGTCTATATAAGCAGAGCTCTCTGGCTAACTAGAGAACCC
ACTGCTTACTGGCTTATCGAAATTAATACGACTCACTATAGGGAGACCCAAGCTGGCTAGCGTTTAAACGGGCCC
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TCTAGAATTGCCCTTACCGCC
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CMV enhancer
(CMV promoter)

lac promoter
PDE3A1-G449S-mCherry
9163 bp

-G449S

PDE3AT

Supplemental Figure S6: Vector map of PDE3A1-G449S-mCherry

3. PDE3A1-R862C-mCherry

GTGATGCGGTTTTGGCAGTACATCAATGGGCGTGGATAGCGGTTTGACTCACGGGGATTTCCAAGTCTCCACCCC
ATTGACGTCAATGGGAGTTTGTTTTGGCACCAAAATCAACGGGACTTTCCAAAATGTCGTAACAACTCCGCCCCA
TTGACGCAAATGGGCGGTAGGCGTGTACGGTGGGAGGTCTATATAAGCAGAGCTCTCTGGCTAACTAGAGAACCC
ACTGCTTACTGGCTTATCGAAATTAATACGACTCACTATAGGGAGACCCAAGCTGGCTAGCGTTTAAACGGGCCC

TCTAGAATTGCCCTTACCGCC
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CMV enhancer
(CMV promoter)

T7 promoter

CAP binding site

lac promoter

PDE3A1-R862C-mCherry
SV40 poly(A) signa 9163 bp

SV40 promoter

bGH poly(A) signa

Supplemental Figure S7: Vector map of PDE3A1-R862C-mCherry

4. PDE3A1-T445N-mCherry

GTGATGCGGTTTTGGCAGTACATCAATGGGCGTGGATAGCGGTTTGACTCACGGGGATTTCCAAGTCTCCACCCC
ATTGACGTCAATGGGAGTTTGTTTTGGCACCAAAATCAACGGGACTTTCCAAAATGTCGTAACAACTCCGCCCCA
TTGACGCAAATGGGCGGTAGGCGTGTACGGTGGGAGGTCTATATAAGCAGAGCTCTCTGGCTAACTAGAGAACCC
ACTGCTTACTGGCTTATCGAAATTAATACGACTCACTATAGGGAGACCCAAGCTGGCTAGCGTTTAAACGGGCCC

TCTAGAATTGCCCTTACCGCC
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CMV enhancer

CMV promoter

CAP binding site

SV40 poly(A) signa

PDE3A1-T445N-mCherry
9163 bp

SV40 promoter

bGH poly(A) signa

Supplemental Figure S8: Vector map of PDE3A1-T445N-mCherry

5. PDE3A1-WT-mCherry

GTGATGCGGTTTTGGCAGTACATCAATGGGCGTGGATAGCGGTTTGACTCACGGGGATTTCCAAGTCTCCACCCC
ATTGACGTCAATGGGAGTTTGTTTTGGCACCAAAATCAACGGGACTTTCCAAAATGTCGTAACAACTCCGCCCCA
TTGACGCAAATGGGCGGTAGGCGTGTACGGTGGGAGGTCTATATAAGCAGAGCTCTCTGGCTAACTAGAGAACCC

ACTGCTTACTGGCTTATCGAAATTAATACGACTCACTATAGGGAGACCCAAGCTGGCTAGCGTTTAAACGGGCCC
TCTAGAATTGCCCTTACCGCC
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CMV enhancer
AmpR

PDE3A1-WT-mCherry
9163 bp

SV40 promoter

bGH poly(A) signal

Supplemental Figure S9: Vector map of PDE3A1-WT-mCherry

6. PDE3A2-A3aa-mCherry

GTGATGCGGTTTTGGCAGTACATCAATGGGCGTGGATAGCGGTTTGACTCACGGGGATTTCCAAGTCTCCACCCC
ATTGACGTCAATGGGAGTTTGTTTTGGCACCAAAATCAACGGGACTTTCCAAAATGTCGTAACAACTCCGCCCCA
TTGACGCAAATGGGCGGTAGGCGTGTACGGTGGGAGGTCTATATAAGCAGAGCTCTCTGGCTAACTAGAGAACCC

ACTGCTTACTGGCTTATCGAAATTAATACGACTCACTATAGGGAGACCCAAGCTGGCTAGCGTTTAAACGGGCCC
TCTAGAATTGCCCTTACCGCC
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. CMV enhancer

CMV promoter
T7 promoter

SV40 poly(A) signa

PDE3A2-A3aa-mCherry
8692 bp

PDE3A2-d3a2

SV40 promoter

bGH poly(A) signal

Supplemental Figure S10: Vector map of PDE3A2-A3aa-mCherry
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7. PDE3A2-G449S-mCherry

GTGATGCGGTTTTGGCAGTACATCAATGGGCGTGGATAGCGGTTTGACTCACGGGGATTTCCAAGTCTCCACCCC
ATTGACGTCAATGGGAGTTTGTTTTGGCACCAAAATCAACGGGACTTTCCAAAATGTCGTAACAACTCCGCCCCA
TTGACGCAAATGGGCGGTAGGCGTGTACGGTGGGAGGTCTATATAAGCAGAGCTCTCTGGCTAACTAGAGAACCC

ACTGCTTACTGGCTTATCGAAATTAATACGACTCACTATAGGGAGACCCAAGCTGGCTAGCGTTTAAACGGGCCC
TCTAGAATTGCCCTTACCGCC
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CMV enhancer

CMV promoter

T7 promoter)

e

&
G’\;
o
[

SV40 poly(A) sigha

G449S

PDE3A2-G449S-mCherry
8701 bp

PDE3A2

Supplemental Figure S11: Vector map of PDE3A2-G449S-mCherry

8. PDE3A2-R862C-mCherry

GTGATGCGGTTTTGGCAGTACATCAATGGGCGTGGATAGCGGTTTGACTCACGGGGATTTCCAAGTCTCCACCCC
ATTGACGTCAATGGGAGTTTGTTTTGGCACCAAAATCAACGGGACTTTCCAAAATGTCGTAACAACTCCGCCCCA
TTGACGCAAATGGGCGGTAGGCGTGTACGGTGGGAGGTCTATATAAGCAGAGCTCTCTGGCTAACTAGAGAACCC

ACTGCTTACTGGCTTATCGAAATTAATACGACTCACTATAGGGAGACCCAAGCTGGCTAGCGTTTAAACGGGCCC
TCTAGAATTGCCCTTACCGCC
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CMV enhancer
CMV promoter

T7 promoter)

R862C

=

PDE3A2-R862C-mCherry

lac promote
8701 bp

SV40 poly(A) signa

PDE3A2

SV40 promoter)

bGH poly(A) signal

Supplemental Figure S12: Vector map of PDE3A2-R862C-mCherry
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9. PDE3A2-T445N-mCherry

GTGATGCGGTTTTGGCAGTACATCAATGGGCGTGGATAGCGGTTTGACTCACGGGGATTTCCAAGTCTCCACCCC
ATTGACGTCAATGGGAGTTTGTTTTGGCACCAAAATCAACGGGACTTTCCAAAATGTCGTAACAACTCCGCCCCA
TTGACGCAAATGGGCGGTAGGCGTGTACGGTGGGAGGTCTATATAAGCAGAGCTCTCTGGCTAACTAGAGAACCC

ACTGCTTACTGGCTTATCGAAATTAATACGACTCACTATAGGGAGACCCAAGCTGGCTAGCGTTTAAACGGGCCC
TCTAGAATTGCCCTTACCGCC
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CMV enhancer

CMV promoter)

CAP binding site
lac operato

SV40 poly(A) signa

PDE3A2-T445N-mCherry
8701 bp

SV40 promoter

bGH poly(A) signal

Supplemental Figure S13: Vector map of PDE3A2-T445N-mCherry

10. PDE3A2-WT-mCherry

GTGATGCGGTTTTGGCAGTACATCAATGGGCGTGGATAGCGGTTTGACTCACGGGGATTTCCAAGTCTCCACCCC
ATTGACGTCAATGGGAGTTTGTTTTGGCACCAAAATCAACGGGACTTTCCAAAATGTCGTAACAACTCCGCCCCA
TTGACGCAAATGGGCGGTAGGCGTGTACGGTGGGAGGTCTATATAAGCAGAGCTCTCTGGCTAACTAGAGAACCC

ACTGCTTACTGGCTTATCGAAATTAATACGACTCACTATAGGGAGACCCAAGCTGGCTAGCGTTTAAACGGGCCC
TCTAGAATTGCCCTTACCGCC
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CMV enhancer
CMV promoter

CAP binding site

lac promote

=

PDE3A2-WT-mCherry
8701 bp

SV40 poly(A) signa

SV40 promoter)

bGH poly(A) signal

Supplemental Figure S14: Vector map of PDE3A2-WT-mCherry
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11.3. Mass spectrometry results

Supplemental Table S2: All proteins identified to co-precipitate with PDE3A in the human heart via mass spectrometry

Appendix

Protein names Gene names Intensity Intensity LFQ LFQ Intensity LFQ
IgG IP PDE3A IP intensity intensity PDE3A IP/ intensity
IgG IP PDE3A IP IgG IP PDE3A IP/
IgG IP
cGMP-inhibited 3,5-cyclic phosphodiesterase A PDE3A 1571400 1248500000 0 2226900000 794,5144457 #DIV/0!
IGKV2D-29 3110200000 3125900000 0 749820000 1,005047907 #DIV/0!
IGHV3-74 1937700000 1916900000 0 676490000 0,989265624 #DIV/0!
Ig lambda chain V-I region WAH 882020000 900510000 0 300300000 1,020963243 #DIV/0!
Ig kappa chain V-IIl region NG9 1533000000 1194700000 0 293100000 0,779321592 #DIV/0!
Ig kappa chain V-I region Wes 404320000 518080000 0 90126000 1,281361298 #DIV/0!
Protein S100-A7 S100A7 10578000 99446000 0 84095000 9,401210059 #DIV/0!
IGHV5-51 271910000 204050000 0 61998000 0,750432128 #DIV/0!
UHRF1-binding protein 1 UHRF1BP1 371780 57215000 0 57388000 153,8947765 #DIV/0!
Complement C4-A; Complement C4 beta chain; C4A 26982000 46261000 0 55839000 1,714513379 #DIV/0!
Complement C4-A alpha chain; C4a anaphylatoxin;
C4b-A; C4d-A; Complement C4 gamma chain
Superoxide dismutase; Superoxide dismutase [Mn], SOD2 40637000 55950000 0 47663000 1,376824077 #DIV/0!
mitochondrial
Protein S100-A8; Protein S100-A8, N-terminally S100A8 7889700 57470000 0 36332000 7,284180641 #DIV/O!
rocessed
P IGKV3D-15; 104430000 146890000 0 34779000 1,406588145 #DIV/0!
IGKV3-15
Actin, alpha skeletal muscle ACTA1 11438000 54556000 0 30449000 4,769714985 #DIV/0!
Four and a half LIM domains protein 1 FHLA1 63170000 67418000 0 29490000 1,067247111 #DIV/0!
Tubulin beta-4B chain TUBB4B 63720000 82553000 0 24796000 1,295558694 #DIV/0!
ATP synthase subunit delta, mitochondrial ATPSD 15023000 11684000 0 23180000 0,777740797 #DIV/0!
14-3-3 protein theta YWHAQ 2718300 61927000 0 22603000 22,78151786 #DIV/0!
14-3-3 protein sigma SFN 6497700 17798000 0 19528000 2,739123074 #DIV/0!
Basement membrane-specific heparan sulfate HSPG2 164610000 56334000 0 15905000 0,342227082 #DIV/0!

proteoglycan core protein; Endorepellin; LG3 peptide
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Sarcalumenin SRL 33340000 22208000 0 14611000 0,666106779 #DIV/0!
Ig lambda chain V-I region NEW; Ig lambda chain V-I 4094000 11862000 0 14503000 2,897410845 #DIV/0!
region BL2
GI%/cogen phosphorylase, brain form PYGB 8514800 9459400 0 13140000 1,110936252 #DIV/0!
FYN-binding protein FYB 905780 18605000 0 12138000  20,5403078 #DIV/0!
40S ribosomal protein S10; Putative 40S ribosomal RPS10; 798800 2076500 0 11559000 2,599524286 #DIV/0!
protein S10-like RPS10P5
Involucrin IVL 2657200 16636000 0 10686000 6,260725576 #DIV/0!
Eukaryotic initiation factor 4A-I EIF4A1 19600000 13891000 0 10521000 0,70872449 #DIV/0!
Staphylococcal nuclease domain-containing protein 1~ SND1 2955200 2805300 0 10205000 0,949275853 #DIV/0!
Up-regulated during skeletal muscle growth protein 5 USMG5 3986400 5593200 0 10068000 1,403070439 #DIV/0!
Ig kappa chain V-I region Mev 350940000 28772000 0 9904400 0,081985525 #DIV/0!
Myomesin-2 MYOM2 1269600 6548900 0 9774200 5,158238815 #DIV/0!
[Protein ADP-ribosylarginine] hydrolase-like protein 1 ADPRHLA1 2690600 14322000 0 9199500 5,322976288 #DIV/0!
Short/branched chain specific acyl-CoA ACADSB 5523600 12710000 0 8164200 2,301035557 #DIV/0!
dehydrogenase, mitochondrial
HIG1 domain family member 1A, mitochondrial HIGD1A 3067300 4382600 0 7889000 1,428813615 #DIV/0!
Transaldolase TALDO1 2655100 10010000 0 7592800 3,770102821 #DIV/0!
Integrin beta-1 ITGB1 3404400 3008000 0 7253300 0,883562449 #DIV/0!
Heterogeneous nuclear ribonucleoprotein K HNRNPK 2609400 3255500 0 7186400 1,247604813 #DIV/0!
Caveolin; Caveolin-1 CAV1 756430 3159900 0 7040200 4,177385878 #DIV/0!
Annexin A3; Annexin ANXA3 2095800 9884400 0 6320300 4,716289722 #DIV/0!
Collagen alpha-1(VI) chain COL6A1 3319700 3364100 0 6039400 1,013374703 #DIV/0!
Starch-binding domain-containing protein 1 STBD1 3846200 10387000 0 6014000 2,700587593 #DIV/0!
Clathrin heavy chain; Clathrin heavy chain 1 CLTC 1048000 2037600 0 5729900 1,944274809 #DIV/0!
Voltage-dependent anion-selective channel protein 3 VDAC3 15858000 19646000 0 5632100 1,238869971 #DIV/0!
Leucine-rich repeat-containing protein 47 LRRC47 1587700 6868300 0 5514000 4,325943188 #DIV/0!
Protein kinase C and casein kinase substrate in PACSIN3 11662000 17745000 0 5372300 1,521608643 #DIV/0!
neurons protein 3
Zyxin ZYX 2635700 5569100 0 5339200 2,112949122 #DIV/0!
3-hydroxyisobutyrate dehydrogenase, mitochondrial HIBADH 2548100 6902100 0 5177300 2,708724147 #DIV/0!
Proteasome-associated protein ECM29 homolog KIAAQ368; 448400 846270 0 5162000 1,887310437 #DIV/0!
ECM29
WD repeat-containing protein 47 WDRA47 143430 2868500 0 5115000 19,9993028 #DIV/0!
60S acidic ribosomal protein P0O; 60S acidic ribosomal RPLPO; 1009200 4474600 0 5089300 4,433808958 #DIV/0!
protein PO-like RPLPOP6
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Poly(rC)-binding protein 1 PCBP1 6918600 6731200 0 4856200 0,972913595 #DIV/0!
NADH-cytochrome b5 reductase 3; NADH- CYB5R3 4956100 8219100 0 4789000 1,658380582 #DIV/0!
cytochrome b5 reductase 3 membrane-bound form;
NADH-cytochrome b5 reductase 3 soluble form
Tubulin beta-6 chain TUBB6 9946900 22061000 0 4437600 2,217876926 #DIV/O!
Alpha-1-antichymotrypsin; Alpha-1-antichymotrypsin SERPINA3 5478200 12494000 0 4414700 2,280676134 #DIV/O!
His-Pro-less
6-phosphogluconate dehydrogenase, decarboxylating PGD 1843100 5348400 0 4271000 2,901850144 #DIV/0!
Elongation factor 1-gamma EEF1G 4254800 4171200 0 4144400 0,980351603 #DIV/0!
Fructose-bisphosphate aldolase; Fructose- ALDOC 3197800 7123400 0 3974200 2,227593971 #DIV/0!
bisphosphate aldolase C
Alpha-aminoadipic semialdehyde dehydrogenase ALDH7A1 1723800 14288000 0 3888800 8,288664578 #DIV/0!
Ribonuclease UK114 HRSP12 1794100 2062700 0 3712900 1,149712948 #DIV/0!
High affinity immunoglobulin gamma Fc receptor I; FCGR1A; 3770500 5012000 0 3354900 1,329266676 #DIV/0!
Putative high affinity immunoglobulin gamma Fc FCGR1C
receptor IC
Myozenin-2 MYOzZ2 238430 7044200 0 3269400 29,54410099 #DIV/0!
Heterogeneous nuclear ribonucleoproteins A2/B1 HNRNPA2B1 8044500 2992200 0 3242100 0,371955995 #DIV/0!
Ceruloplasmin CP 2145700 1790800 0 3214900 0,834599431 #DIV/0!
T-complex protein 1 subunit alpha TCP1 3554300 5407700 0 3206700 1,521452888 #DIV/0!
Delta-sarcoglycan SGCD 1652400 4745100 0 3047900 2,871641249 #DIV/0!
IGLV3-9 6860300 15376000 0 2990200 2,241301401 #DIV/0!
Actin-related protein 2 ACTR2 917980 3832300 0 2672500 4,174709689 #DIV/0!
Adenosylhomocysteinase AHCY 1064400 1406400 0 2608200 1,321307779 #DIV/0!
Glutaryl-CoA dehydrogenase, mitochondrial GCDH 4089300 7112600 0 2577700 1,739319688 #DIV/0!
Titin TTN 6793600 6285100 0 2522900 0,925150141 #DIV/0!
Eukaryotic translation initiation factor 3 subunit | EIF3I 603090 1877700 0 2502900 3,113465652 #DIV/0!
cAMP-dependent protein kinase catalytic subunit KIN27; 270020 3879600 0 2492000 14,36782461 #DIV/0!
alpha; cAMP-dependent protein kinase catalytic PRKACA,;
subunit beta PRKACB
Calcium/calmodulin-dependent protein kinase type Il CAMK2B 1208600 2988600 0 2480300 2,472778421 #DIV/0!
subunit beta
CDGSH iron-sulfur domain-containing protein 1 CISD1 3508200 1358100 0 2444600 0,387121601 #DIV/0!
Glutamine synthetase GLUL 282980 3729200 0 2395300 13,17831649 #DIV/0!
40S ribosomal protein S4, X isoform;40S ribosomal RPS4X; 4554900 7059900 0 2348900 1,549957189 #DIV/0!
protein S4, Y isoform 1 RPS4Y1
F-actin-capping protein subunit alpha-1 CAPZA1 992730 3547100 0 2198200 3,573076264 #DIV/0!
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F-actin-capping protein subunit beta CAPZB 404930 3620800 0 2190100 8,941792409 #DIV/0!

Cytochrome b-c1 complex subunit Rieske, UQCRFS1; 7653900 11153000 0 2093700 1,457165628 #DIV/0!

mitochondrial; Cytochrome b-c1 complex subunit 11; UQCRFS1P1

Putative cytochrome b-c1 complex subunit Rieske-like

protein 1

Plasminogen activator inhibitor 1 RNA-binding protein SERBP1 229330 1865100 0 1756000 8,132821698 #DIV/0!

288 ribosomal protein S28, mitochondrial MRPS28 237300 783040 0 1744600 3,299789296 #DIV/0!

Sorting nexin-9 SNX9 1115500 2081600 0 1727600 1,866069027 #DIV/0!

Guanine nucleotide-binding protein subunit beta-4; GNB4; GNB2; 1154200 2699500 0 1722300 2,33884942 #DIV/0!

Guanine nucleotide-binding protein G(1)/G(S)/G(T) GNB1

subunit beta-2; Guanine nucleotide-binding protein

G(1)/G(S)/G(T) subunit beta-1

Calreticulin CALR 3268300 3452900 0 1626600 1,056481963 #DIV/0!

Quinone oxidoreductase CRYZ 1319700 2459500 0 1579800 1,86368114  #DIV/0!

NADH dehydrogenase [ubiquinone] 1 alpha NDUFA5 831270 730200 0 1314400 0,878414955 #DIV/0!

subcomplex subunit 5

Pyruvate dehydrogenase protein X component, PDHX 8888600 4826600 0 1232800 0,543010148 #DIV/0!

mitochondrial

Tubulin alpha-8 chain TUBAS8 4918500 4804500 0 1227200 0,976822202 #DIV/0!

UTP--glucose-1-phosphate uridylyltransferase UGP2 2125800 4175500 0 1200100 1,964201712 #DIV/0!

Acetyl-coenzyme A synthetase 2-like, mitochondrial ACSS1 2481000 1440400 0 1195400  0,58057235 #DIV/0!

Methylmalonyl-CoA mutase, mitochondrial MUT 1196800 1371700 0 1138400 1,146139706 #DIV/0!

Envoplakin EVPL 1575100 1725000 0 1108000 1,095168561 #DIV/0!

L-xylulose reductase DCXR 8023300 5177300 0 971940 0,645283113 #DIV/0!

Prothrombin; Activation peptide fragment 1; Activation  F2 1782200 1147500 0 952360 0,643867131 #DIV/0!

peptide fragment 2; Thrombin light chain; Thrombin

heavy chain

Methylcrotonoyl-CoA carboxylase beta chain, MCCC2 1872400 3696400 0 944160 1,974150822 #DIV/0!

mitochondrial

NADH dehydrogenase [ubiquinone] flavoprotein 2, NDUFV2 5730800 4677400 0 878090 0,816186222 #DIV/0!

mitochondrial

Ras-related protein R-Ras2; Ras-related protein R- RRAS2; RRAS 3971100 3240000 0 608240  0,81589484 #DIV/0!

Ras

Protein phosphatase 1 regulatory subunit 12B sm-M20; 3493800 3152800 0 591880 0,902398535 #DIV/0!
PPP1R12B

DNA-dependent protein kinase catalytic subunit PRKDC 4211600 19493000 0 0 4,628407256 #DIV/0!

Translational activator GCN1 GCN1L1 1017200 646420 0 0 0,635489579 #DIV/0!

Fatty acid synthase; [Acyl-carrier-protein] S- FASN 4560500 5649400 0 0 1,238767679 #DIV/0!

acetyltransferase;[Acyl-carrier-protein] S-
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malonyltransferase;3-oxoacyl-[acyl-carrier-protein]
synthase;3-oxoacyl-[acyl-carrier-protein] reductase;3-
hydroxyacyl-[acyl-carrier-protein] dehydratase; Enoyl-
[acyl-carrier-protein] reductase; Oleoyl-[acyl-carrier-
protein] hydrolase

Keratin, type | cytoskeletal 18 KRT18 62711000 422150 0 0 0,006731674 #DIV/0!
Polyadenylate-binding protein; Polyadenylate-binding  PABPC1 3823600 945510 0 0 0,247282666 #DIV/0!
rotein 1

,F’-)\TP-dependent RNA helicase DDX3X; ATP- DDX3X; 211530 314330 0 0 1,485983076 #DIV/0!
dependent RNA helicase DDX3Y DDX3Y

Protein disulfide-isomerase A4 PDIA4 177550 17140000 0 0 96,53618699 #DIV/0!
T-complex protein 1 subunit zeta CCT6A 2456100 5516100 0 0 2,245877611 #DIV/0!
T-complex protein 1 subunit delta CCT4 178390 1698100 0 0 9,519031336 #DIV/0!
Nucleolin NCL 1891500 944720 0 0 0,499455459 #DIV/0!
Neutral alpha-glucosidase AB GANAB 1312200 970870 0 0 0,739879592 #DIV/0!
RuvB-like 2 RUVBL2 1127100 69455 0 0 0,061622749 #DIV/0!
ATP-dependent RNA helicase A DHX9 897930 4443400 0 0 4,948492644 #DIV/0!
Proliferation-associated protein 2G4 PA2G4 2880800 2814900 0 0 0,97712441 #DIV/0!
Exportin-2 CSE1L 1284900 474020 0 0 0,368915869 #DIV/0!
Lysine--tRNA ligase KARS 266240 1257600 0 0 4,723557692 #DIV/0!
Matrin-3 MATR3 304740 70187 0 0 0,230317648 #DIV/0!
Heat shock protein 75 kDa, mitochondrial TRAP1 5039800 1472900 0 0 0,292253661 #DIV/0!
T-complex protein 1 subunit epsilon CCT5 878800 2679500 0 0 3,049044151 #DIV/0!
Emerin EMD 385340 554400 0 0 1,438729434 #DIV/0!
X-ray repair cross-complementing protein 6 XRCC6 1080600 366890 0 0 0,339524338 #DIV/0!
Tropomyosin alpha-4 chain TPM4 229150 5068900 0 0 22,12044512 #DIV/0!
Structural maintenance of chromosomes protein 2 SMC2 9723800 7530300 0 0 0,774419466 #DIV/0!
Carbonyl reductase [NADPH] 1 CBR1 1798600 758010 0 0 0,421444457 #DIV/0!
Phosphoglycerate mutase 1; Probable PGAM1; 658880 14684000 0 0 22,28630403 #DIV/0!
phosphoglycerate mutase 4 PGAM4

Ras-related protein Rab-14 RAB14 3051400 2192900 0 0 0,718653733 #DIV/0!
Proteasome subunit beta type-5 PSMB5 647510 289220 0 0 0,446664916 #DIV/0!
Microtubule-associated protein; Microtubule- MAP4 1105300 2674000 0 0 2,419252692 #DIV/0!
associated protein 4

S-adenosylmethionine synthase isoform type-2 MAT2A 234890 299520 0 0 1,27515007 #DIV/0!
Glucose-6-phosphate 1-dehydrogenase G6PD 1190500 344090 0 0 0,289029819 #DIV/0!
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Ras-related protein Rab-1A RAB1A 2550400 1546300 0 0 0,606297051 #DIV/0!
Proteasome subunit alpha type-3 PSMA3 3745600 6481500 0 0 1,730430372 #DIV/0!
Tubulin-specific chaperone A TBCA 666030 221660 0 0 0,332807831 #DIV/0!
Peptidyl-prolyl cis-trans isomerase B PPIB 1788600 1694100 0 0 0,947165381 #DIV/0!
Transgelin-2 TAGLN2 5180900 886390 0 0 0,171088035 #DIV/0!
Rab GDP dissociation inhibitor beta GDI2 1226700 1344400 0 0 1,09594848 #DIV/0!
RuvB-like 1 RUVBLA1 18306000 12022000 0 0 0,656724571 #DIV/0!
Stathmin STMN1 17770 309780 0 0 17,43275183 #DIV/0!
Sodium/potassium-transporting ATPase subunit ATP1A1; 1714800 1700400 0 0 0,991602519 #DIV/0!
alpha-1; Sodium/potassium-transporting ATPase ATP1A3
subunit alpha-3
Guanine nucleotide-binding protein subunit beta-2-like  GNB2L1 2492600 1343200 0 0 0,53887507 #DIV/0!
1; Guanine nucleotide-binding protein subunit beta-2-
like 1, N-terminally processed
Proteasome subunit alpha type-5 PSMAS5 2321700 2389800 0 0 1,029331955 #DIV/0!
408 ribosomal protein S8 RPS8 3490500 2606000 0 0 0,746597909 #DIV/0!
Ras-related protein Rab-11A; Ras-related protein RAB11A; 1371500 2176400 0 0 1,586875684 #DIV/0!
Rab-11B RAB11B
Enoyl-CoA hydratase, mitochondrial ECHS1 9381200 9392400 0 0 1,001193877 #DIV/0!
Replication factor C subunit 4 RFC4 555870 836670 0 0 1,505154083 #DIV/0!
Adenylyl cyclase-associated protein 1; Adenylyl CAP1 162340 7763800 0 0 47,82431933 #DIV/0!
cyclase-associated protein
Basigin BSG 2136100 2131400 0 0 0,997799728 #DIV/0!
Protein phosphatase inhibitor 2; Protein phosphatase = PPP1R2; 7416700 9241900 0 0 1,246093276 #DIV/0!
inhibitor 2-like protein 3 PPP1R2P3
Lysosome-associated membrane glycoprotein 1 LAMP1 1425700 533260 0 0 0,374033808 #DIV/0!
Protein disulfide-isomerase A6 PDIA6 1477700 4066800 0 0 2,752114773 #DIV/0!
Myosin regulatory light chain 12A; Myosin regulatory MYL12A; 1080600 521500 0 0 0,482602258 #DIV/0!
light chain 12B; Myosin regulatory light polypeptide 9 MYL12B;

MYL9
Protein SET; Protein SETSIP SET; SETSIP 607840 741860 0 0 1,220485654 #DIV/0!
Sterol O-acyltransferase 1 SOAT1 6452400 13645000 0 0 2,114717005 #DIV/0!
Proteasome subunit alpha type-1; Proteasome PSMA1 11149000 2130100 0 0 0,191057494 #DIV/0!
subunit alpha type
Protein S100-A11; Protein S100-A11, N-terminally S100A11 4275700 3609900 0 0 0,844282807 #DIV/0!
processed
Thioredoxin TXN 12698000 11138000 0 0 0,877146007 #DIV/0!
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Proteasome subunit alpha type-7; Proteasome PSMAT7; 3316500 3829400 0 0 1,154650987 #DIV/0!
subunit alpha type-7-like PSMA8
Calumenin CALU 2552300 1400600 0 0 0,548759942 #DIV/0!
Adenylate kinase 2, mitochondrial; Adenylate kinase AK2 553760 2995900 0 0 5,410105461 #DIV/0!
2, mitochondrial; Adenylate kinase 2, mitochondrial,
N-terminally processed
DnaJ homolog subfamily B member 11 DNAJB11 1054700 1924800 0 0 1,824973926 #DIV/0!
Glutathione S-transferase Mu 3 GSTM3 1231200 1588600 0 0 1,2902859 #DIV/0!
Heterogeneous nuclear ribonucleoprotein F; HNRNPF 25842000 30210000 0 0 1,169027165 #DIV/0!
Heterogeneous nuclear ribonucleoprotein F, N-
terminally processed
Proteasome subunit beta type-6; Proteasome subunit PSMB6 3874400 448840 0 0 0,115847615 #DIV/0!
beta type
Radixin RDX 101850 142760 0 0 1,401669121 #DIV/0!
Polyadenylate-binding protein; Polyadenylate-binding  PABPC4 870820 87475 0 0 0,100451299 #DIV/0!
protein 4
60S acidic ribosomal protein P2 RPLP2 7052700 1373300 0 0 0,194719753 #DIV/0!
Glucosidase 2 subunit beta PRKCSH 2234400 527980 0 0 0,236296097 #DIV/0!
Transcription elongation factor B polypeptide 2 TCEB2 558690 415680 0 0 0,744026204 #DIV/0!
60S ribosomal protein L7 RPL7 7217300 967760 0 0 0,134088925 #DIV/0!
Glutathione synthetase GSS 705560 8505400 0 0 12,0548217 #DIV/0!
Calmodulin CALMZ; 3410100 7351200 0 0 2,155713909 #DIV/0!
CALMT;
CALM3
408 ribosomal protein S14 RPS14 2282100 2937000 0 0 1,286972525 #DIV/0!
40S ribosomal protein S25 RPS25 5836000 1853400 0 0 0,317580535 #DIV/0!
Receptor expression-enhancing protein 5; Receptor REEPS 1186900 563080 0 0 0,474412335 #DIV/0!
expression-enhancing protein
Gamma-glutamylcyclotransferase GGCT 4900300 3380000 0 0 0,689753689 #DIV/0!
ADP-ribosylation factor 1; ADP-ribosylation factor 3 ARF1; ARF3 3404900 1135000 0 0 0,333343123 #DIV/0!
Phosphoglucomutase-1 PGM1 3080100 2530800 0 0 0,821661634 #DIV/0!
ATP-dependent DNA helicase Q1 RECQL 14698000 9493500 0 0 0,645904205 #DIV/0!
Serpin B5 SERPINB5 8759200 4977900 0 0 0,568305325 #DIV/0!
Plakophilin-2 PKP2 671730 1938600 0 0 2,885980974 #DIV/0!
Galectin-3; Galectin LGALS3 1261600 3882200 0 0 3,077203551 #DIV/0!
RNA-binding protein EWS EWSR1 1203100 1078300 0 0 0,896267974 #DIV/0!
Proteasome subunit beta type-2 PSMB2 613650 809300 0 0 1,318829952 #DIV/0!
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Histone H2A type 1-J; Histone H2A type 1-H; Histone  HIST1H2AJ; 120250000 22643000 0 0 0,188299376 #DIV/0!
H2A.J; Histone H2A type 2-C; Histone H2A type 2-A; HIST1H2AH;
Histone H2A type 1-D; Histone H2A type 1; Histone H2AFJ;
H2A HIST2H2AC;

HIST2H2AAS;

HIST1H2AD;

HIST1H2AG
Proteasome subunit beta type-7 PSMB7 353850 563780 0 0 1,593273986 #DIV/0!
Glutathione S-transferase kappa 1 GSTK1 6134100 2396300 0 0 0,390652255 #DIV/0!
60S ribosomal protein L15; Ribosomal protein L15 RPL15 12328000 158890 0 0 0,012888546 #DIV/0!
Lipoma-preferred partner LPP 350240 311300 0 0 0,888819095 #DIV/0!
60S ribosomal protein L22 RPL22 6862400 5923000 0 0 0,863109116 #DIV/0!
F-actin-capping protein subunit alpha-2 CAPZA2 320170 2049000 0 0 6,399725146 #DIV/0!
Dihydropyrimidinase-related protein 2; DPYSL2; 2262400 6464800 0 0 2,857496464 #DIV/0!
Dihydropyrimidinase-related protein 1 CRMP1
Mitochondrial import inner membrane translocase TIMMS50 678890 1393400 0 0 2,052467999 #DIV/0!
subunit TIM50
Phenylalanine--tRNA ligase alpha subunit FARSA 1075800 1449000 0 0 1,346904629 #DIV/0!
Proteasome subunit alpha type; Proteasome subunit PSMA4 1041100 2186700 0 0 2,100374604 #DIV/0!
alpha type-4
Nucleolar and coiled-body phosphoprotein 1 NOLCH1 394050 250390 0 0 0,635426976 #DIV/0!
Superoxide dismutase [Cu-Zn] SOD1 2257000 7125400 0 0 3,157022596 #DIV/0!
Proteasome activator complex subunit 3 PSME3 1905800 335620 0 0 0,176104523 #DIV/0!
40S ribosomal protein S20 RPS20 2386100 2189000 0 0 0,917396589 #DIV/0!
Mitotic checkpoint protein BUB3 BUB3 3783100 3575200 0 0 0,945045069 #DIV/0!
Parathymosin PTMS 939230 806340 0 0 0,85851176 #DIV/0!
Lon protease homolog, mitochondrial LONP1 1273600 706780 0 0 0,554946608 #DIV/0!
Prostaglandin E synthase 2; Prostaglandin E PTGES2 5768900 4394800 0 0 0,76180901 #DIV/0!
synthase 2 truncated form
ADP/ATP translocase 3; ADP/ATP translocase 3, N- SLC25A6 3813800 2772900 0 0 0,727070114 #DIV/0!
terminally processed
Calpain small subunit 1 CAPNS1 498140 610780 0 0 1,226121171 #DIV/0!
Beta-2-microglobulin; Beta-2-microglobulin form pl 5.3 B2M 231340 242950 0 0 1,050185874 #DIV/0!
Coiled-coil-helix-coiled-coil-helix domain-containing CHCHD2; 614780 975790 0 0 1,587218192 #DIV/0!
protein 2; Putative coiled-coil-helix-coiled-coil-helix CHCHD2P9
domain-containing protein CHCHD2P9, mitochondrial
Alpha-centractin; Beta-centractin ACTR1A; 1041400 724400 0 0 0,695602074 #DIV/0!

ACTR1B
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Protein NipSnap homolog 1 NIPSNAP1 301520 327730 0 0 1,08692624 #DIV/0!
Casein kinase Il subunit beta CSNK2B; 529400 1117300 0 0 2,110502456 #DIV/0!
CSNK2B-
LY6G5B-
1181;CSNK2B
-LY6G5B--991
Transmembrane protein 109 TMEM109 1177300 1377700 0 0 1,170219995 #DIV/0!
Transcription factor A, mitochondrial TFAM 8005900 17399000 0 0 2,173272212 #DIV/0!
Target of rapamycin complex subunit LST8 MLST8 816610 2062100 0 0 2,525195626 #DIV/0!
Serine/threonine-protein phosphatase 2A 65 kDa PPP2R1A 691080 793330 0 0 1,147956821 #DIV/0!
regulatory subunit A alpha isoform
Bifunctional methylenetetrahydrofolate MTHFD2 2941600 3912300 0 0 1,329990481 #DIV/0!
dehydrogenase/cyclohydrolase, mitochondrial;NAD-
dependent methylenetetrahydrofolate
dehydrogenase;Methenyltetrahydrofolate
cyclohydrolase
Copine-3; Copine-8; Copine-5; Copine-2; Copine-9; CPNES; 777730 535170 0 0 0,688117984 #DIV/0!
Copine-4; Copine-6; Copine-7 CPNES;
CPNES5;
CPNEZ2;
CPNEY9;
CPNE4;
CPNES;
CPNE7
40S ribosomal protein S2 RPS2 3726200 742550 0 0 0,199278085 #DIV/0!
Exportin-7 XPO7 234000 80395 0 0 0,343568376 #DIV/0!
Guanine nucleotide-binding protein G(k) subunit GNAI3; 893410 1420800 0 0 1,590311279 #DIV/0!
alpha; Guanine nucleotide-binding protein G(t) GNAOT;
subunit alpha-1; Guanine nucleotide-binding protein GNAS;
G(i) subunit alpha-1; Guanine nucleotide-binding GNATZ2;
protein G(t) subunit alpha-2; Guanine nucleotide- GNATT1;
binding protein G(o) subunit alpha; Guanine GNAIT;
nucleotide-binding protein G(t) subunit alpha-3; GNATS;
Guanine nucleotide-binding protein G(i) subunit GNAI2; GNAL
alpha-2; Guanine nucleotide-binding protein G(s)
subunit alpha isoforms short; Guanine nucleotide-
binding protein G(olf) subunit alpha; Guanine
nucleotide-binding protein G(s) subunit alpha isoforms
XLas
Inositol monophosphatase 1 IMPA1 2433800 2120500 0 0 0,871271263 #DIV/0!
Annexin A7 ANXA7 336600 995770 0 0 2,958318479 #DIV/0!
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408 ribosomal protein S13 RPS13 545420 1490800 0 0 2,733306443 #DIV/0!
Calnexin CANX 2415500 4195700 0 0 1,736990271 #DIV/0!
Single-stranded DNA-binding protein, mitochondrial SSBP1 1282900 645040 0 0 0,502798347 #DIV/0!
Galectin-7 LGALS7 17552000 41013000 0 0 2,336656791 #DIV/0!
Eukaryotic translation elongation factor 1 epsilon-1 EEF1EA1; 643300 608780 0 0 0,946339189 #DIV/0!

EEF1E1-

BLOC1S5
Glutathione reductase, mitochondrial GSR 2000500 2093000 0 0 1,04623844 #DIV/0!
Cytoplasmic dynein 1 heavy chain 1 DYNC1H1 2424900 1193400 0 0 0,492144006 #DIV/0!
MARCKS-related protein MARCKSLA1 495780 387200 0 0 0,780991569 #DIV/0!
268 proteasome non-ATPase regulatory subunit 4 PSMD4 10537000 9549200 0 0 0,906254152 #DIV/0!
Sorcin SRI 441310 227820 0 0 0,516235753 #DIV/0!
Ubiquitin-conjugating enzyme E2 variant 1 UBE2V1; 13936000 1263400 0 0 0,09065729 #DIV/0!

UBE2V2;

TMEM189-

UBE2V1
Septin-2 37500 561020 1076000 0 0 1,917935189 #DIV/0!
Keratin, type Il cytoskeletal 6B KRT6B 11664000 4269000 0 0 0,365997942 #DIV/0!
Uridine-cytidine kinase 2 UCK2 3066700 2560900 0 0 0,83506701 #DIV/0!
Heat shock-related 70 kDa protein 2 HSPA2 1046500 1011300 0 0 0,966364071 #DIV/0!
Macrophage migration inhibitory factor MIF 2671800 2929500 0 0 1,09645183 #DIV/0!
ADP-ribosylation factor 4 ARF4 1598400 607590 0 0 0,380123874 #DIV/0!
Hsp90 co-chaperone Cdc37; Hsp90 co-chaperone CDC37 410810 361640 0 0 0,880309632 #DIV/0!
Cdc37, N-terminally processed
Glycogen debranching enzyme;4-alpha- AGL 1393700 1542900 0 0 1,107053168 #DIV/0!
glucanotransferase; Amylo-alpha-1,6-glucosidase
Myoferlin MYOF 957540 6546200 0 0 6,836476805 #DIV/0!
Protein POF1B POF1B 1172800 3202900 0 0 2,730985675 #DIV/0!
Serine hydroxymethyltransferase, cytosolic SHMTA1 6610200 341620 0 0 0,051680736 #DIV/0!
BTB/POZ domain-containing protein KCTD3; KCTD3; 1234400 993310 0 0 0,804690538 #DIV/0!
SH3KBP1-binding protein 1 SHKBP1
Titin TTN 5168400 70197000 4936000 100400000 13,5819596 20,34035656
Serpin B3 SERPINB3 14037000 152360000 9954100 120750000 10,85417112 12,13067982
Alpha-actinin-2 ACTN2 3822500 60922000 8277400 96312000 15,93773708 11,63553773
Desmin DES 19940000 82937000 3185700 22132000 4,159327984 6,947295728
Myosin-7; Myosin-6 MYH7; MYH6 264870000 1125600000 315320000 1806700000 4,249631895 5,729734873
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Creatine kinase S-type, mitochondrial CKMT2 177670000 257050000 49983000 212250000 1,446783362 4,246443791
Creatine kinase M-type; Creatine kinase M-type, N- CKM 245490000 288380000 78308000 331010000 1,174711801 4,227026613
terminally processed
Fatty acid-binding protein, epidermal FABP5 37191000 57468000 25586000 107340000 1,545212551 4,195263034
Annexin A5; Annexin ANXAS5 8530700 25738000 3838800 15809000 3,017102934 4,118214025
2,4-dienoyl-CoA reductase, mitochondrial DECR1 79213000 198610000 23647000 95929000  2,50729047 4,056709096
Troponin T, cardiac muscle HNTNT1; 7996600 75380000 10831000 41371000 9,426506265  3,81968424
TNNT2

Poly [ADP-ribose] polymerase 1 PARP1 7597600 14016000 6607800 23006000 1,844793093 3,481642907
Myosin light chain 3 MYL3 77500000 249890000 18223000 61347000 3,224387097 3,366459968
Myosin-9 MYH9 1435800 8278500 1752700 5683400 5,765775178 3,242654191
Medium-chain specific acyl-CoA dehydrogenase, ACADM 65959000 117510000 26796000 85867000 1,781561273 3,204470817
mitochondrial

75646000 119650000 22605000 72094000 1,581709542 3,189294404
Glycogenin-1 GYG1 12186000 17331000 8747900 26402000  1,42220581 3,018095772
Ig kappa chain C region IGKC 1701700000 13795000000 2242800000 6738100000 0,810659928 3,004324951

0

Cytochrome c oxidase subunit 5A, mitochondrial COX5A 17976000 16833000 12548000 36418000  0,93641522 2,902295186
14-3-3 protein gamma;14-3-3 protein gamma, N- YWHAG 16057000 43966000 3526100 9838100 2,738120446 2,790079691
terminally processed
Leukocyte elastase inhibitor SERPINB1 3261700 7429600 1860000 5152400 2,277830579 2,770107527
Prohibitin-2 PHB2 6232200 22917000 4043300 10721000 3,677192645 2,651547004
Voltage-dependent anion-selective channel protein2 ~ VDAC2 19326000 28448000 7236100 18849000 1,472006623 2,604856207
Decorin DCN 2552300 3611500 2644900 6654100 1,414998237 2,515822904
14-3-3 protein beta/alpha;14-3-3 protein beta/alpha, YWHAB 3880200 9326400 2482600 6038800 2,403587444 2,432449851
N-terminally processed
Calmodulin-like protein 3 CALML3 6054200 21102000 5950400 14169000 3,485514188 2,381184458
Myosin-binding protein C, cardiac-type MYBPC3 25619000 81882000 51445000 122420000 3,196143487  2,37962873
Ryanodine receptor 2 RYR2 4998500 5669500 3594200 8538100 1,134240272 2,375521674
14-3-3 protein epsilon YWHAE 51446000 158990000 10161000 23206000 3,090424912 2,283830332
Collagen alpha-2(VI) chain COL6A2 4325200 5887600 4745900 10595000 1,361231851 2,232453275
L-lactate dehydrogenase A chain LDHA 4937500 15821000 5754400 12526000 3,204253165 2,176769081
Galectin-3-binding protein LGALS3BP 4777400 14340000 4549700 9780900 3,001632687 2,149790096
Isocitrate dehydrogenase [NAD] subunit, IDH3B 8707300 21985000 6549700 13892000 2,524892906 2,121013176

mitochondrial; Isocitrate dehydrogenase [NAD]
subunit beta, mitochondrial
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Troponin |, cardiac muscle TNNI3 46561000 96985000 17954000 37812000 2,082966431 2,106048791
Pyruvate dehydrogenase E1 component subunit beta, PDHB 43305000 70694000 25160000 52309000 1,632467383 2,079054054
mitochondrial
Hexokinase-1 HK1 17440000 37806000 29123000 60502000 2,167775229 2,077464547
Cadherin-13 CDH13 11485000 12187000 10391000 21155000 1,061123204 2,035896449
Malate dehydrogenase, mitochondrial; Malate MDH2 166480000 289600000 100860000 204390000 1,739548294 2,026472338
dehydrogenase
Aspartate aminotransferase, cytoplasmic GOT1 31137000 39308000 15428000 31221000 1,262420914 2,023658284
Sarcoplasmic/endoplasmic reticulum calcium ATPase = ATP2AZ2; 71085000 78944000 65700000 129140000 1,110557783 1,965601218
2; Sarcoplasmic/endoplasmic reticulum calcium ATP2A1
ATPase 1
Polymerase | and transcript release factor PTRF 25416000 40327000 9938800 18903000 1,586677683 1,901939872
Vinculin VCL 26986000 28921000 29520000 55668000 1,071703846 1,885772358
Electron transfer flavoprotein subunit alpha, ETFA 20731000 46787000 12491000 23323000 2,256861705 1,867184373
mitochondrial
Hemoglobin subunit alpha HBA1; HBA2 170220000 188950000 156520000 290270000 1,110034074 1,854523384
IGLV6-57 26715000 52566000 10177000 18816000 1,967658619 1,848874914
Malate dehydrogenase, cytoplasmic; Malate MDHA1 40607000 89468000 36947000 67882000 2,203265447 1,837280429
dehydrogenase
Alpha-actinin-4 ACTN4 7551300 17036000 11415000 20838000 2,256035385 1,825492773
Trifunctional enzyme subunit beta, mitochondrial;3- HADHB 235730000 319860000 69205000 125940000 1,356891359 1,819810707
ketoacyl-CoA thiolase
Dermcidin; Survival-promoting peptide;DCD-1 DCD 180440000 190310000 178070000 323990000 1,054699623 1,819453024
Immunoglobulin lambda-like polypeptide 5; Ig lambda-  IGLL5; IGLC1 1950400000 1027000000 293790000 522480000 0,526558655 1,778413152
1 chain C regions
IGHV3-49 244860000 117390000 39648000 68633000  0,47941681 1,731058313
Isocitrate dehydrogenase [NAD] subunit alpha, IDH3A 12221000 26386000 9908100 17126000 2,159070452 1,728484775
mitochondrial
DNA damage-binding protein 1 DDB1 6932000 8855900 10682000 18448000  1,27753895 1,727017412
Delta (3,5)-Delta (2,4)-dienoyl-CoA isomerase, ECH1 35658000 79402000 11575000 19862000 2,226765382 1,715939525
mitochondrial
Glyceraldehyde-3-phosphate dehydrogenase GAPDH 76243000 122280000 45119000 77312000 1,603819367 1,713513154
Ilg gamma-1 chain C region IGHG1 3759500000 39700000000 15472000000 2595300000 1,055991488  1,67741727
0 0
L-lactate dehydrogenase B chain; L-lactate LDHB 100520000 149020000 68843000 109830000 1,482491047 1,595369173
dehydrogenase
Tropomyosin alpha-1 chain TPM1 56280000 282880000 73196000 116640000 5,026297086 1,593529701
ES1 protein homolog, mitochondrial C210rf33 21423000 32912000 4101200 6535100 1,536292769 1,593460451
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Tubulin alpha-4A chain TUBA4A 116440000 154730000 49317000 78528000 1,328838887 1,592310968
Protein disulfide-isomerase P4HB 10459000 22871000 4779800 7610900 2,186729133 1,592305117
Ilg gamma-2 chain C region IGHG2 1175100000 2303400000 576470000 893000000 1,960173602 1,549083213
Electron transfer flavoprotein subunit beta ETFB 46042000 67650000 11157000 17263000 1,469310629 1,547279735
Bifunctional glutamate/proline--tRNA ligase; EPRS 834840 2474300 3135800 4844700 2,963801447 1,544964602
Glutamate--tRNA ligase; Proline--tRNA ligase
Cysteine and glycine-rich protein 3 CSRP3 101550000 108640000 58776000 89510000 1,069817824 1,522900504
Voltage-dependent anion-selective channel protein 1 VDAC1 25982000 77519000 22482000 34101000 2,983565545 1,516813451
Endoplasmin HSP90B1 10593000 10675000 11562000 17466000 1,007740961 1,510638298
Cystatin-A; Cystatin-A, N-terminally processed CSTA 68978000 94958000 56091000 84444000 1,376641828 1,505482163
3-ketoacyl-CoA thiolase, mitochondrial ACAA2 28625000 23475000 18730000 28059000 0,820087336  1,49807795
Triosephosphate isomerase TP 62434000 70160000 16558000 24800000 1,123746676 1,497765431
Importin-5 IPO5 3964200 1784500 4855300 7220300 0,450153877 1,487096575
Heat shock 70 kDa protein 1B; Heat shock 70 kDa HSPA1B; 135830000 179060000 107070000 158580000 1,318265479 1,481087139
protein 1A HSPA1A
ATP synthase subunit O, mitochondrial ATP50 68701000 101660000 19658000 28615000 1,479745564 1,455641469
Creatine kinase B-type CKB 19925000 26729000 12295000 17876000 1,341480552 1,453924359
Heat shock 70 kDa protein 4 HSPA4 2570000 2591200 5665300 8211500 1,008249027 1,449437806
Neuroblast differentiation-associated protein AHNAK ~ AHNAK 21771000 16467000 10624000 15012000 0,756373157 1,413027108
Heat shock cognate 71 kDa protein HSPA8 247720000 260810000 197940000 278410000 1,052841918 1,406537335
Myoglobin MB 320570000 409600000 404980000 564700000 1,277724054 1,394389846
AFG3-like protein 2 AFG3L2 14137000 20146000 11265000 15649000 1,425054821 1,389169996
Fructose-bisphosphate aldolase; Fructose- ALDOA 81401000 110630000 61645000 84442000 1,359074213 1,369811015
bisphosphate aldolase A
Exportin-1 XPO1 3702600 2387700 5653800 7691500 0,644871172 1,360412466
Annexin A2; Annexin; Putative annexin A2-like protein  ANXAZ2; 97594000 119360000 74565000 101320000 1,223026006 1,358814457
ANXA2P2
Pyruvate dehydrogenase E1 component subunit PDHA1 26910000 30359000 19300000 25922000 1,128167967 1,343108808
alpha, somatic form, mitochondrial
14-3-3 protein zeta/delta YWHAZ 27454000 55655000 14511000 19414000  2,02720915 1,337881607
Aspartate aminotransferase, mitochondrial GOT2 149700000 171080000 126880000 168940000 1,142818971 1,331494325
Calmodulin-like protein 5 CALML5 24389000 62241000 37537000 49887000 2,552011153 1,329008711
Lan C-like protein 1 LANCLA1 3279000 5146700 2109700 2766000 1,569594389 1,311086884
Phosphoglycerate kinase 1 PGK1 19059000 27977000 17888000 23214000 1,467915421 1,297741503
IGKV1-8; 49482000 374900000 48379000 62669000 7,576492462 1,295376093
IGKV1-9;
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IGKV1-27
Alpha-1-antitrypsin; Short peptide from AAT SERPINA1 141700000 178990000 62306000 80627000 1,263161609 1,294048727
Annexin AB; Annexin ANXAGB 15805000 17729000 11433000 14728000 1,121733629 1,288200822
Puromycin-sensitive aminopeptidase; Puromycin- NPEPPS; 8560900 7699500 12230000 15561000 0,899379738 1,272363042
sensitive aminopeptidase-like protein NPEPPSLA1
Filamin-C FLNC 1004900000 1539500000 2500800000 3173700000 1,531993233 1,269073896
Serpin B12 SERPINB12 19465000 25121000 19909000 25179000 1,290572823 1,264704405
Cathepsin D; Cathepsin D light chain; Cathepsin D CTSD 15740000 21270000 9032700 11417000 1,35133418 1,263963156
heavy chain
Cyto?:/hrome b-c1 complex subunit 2, mitochondrial UQCRC2 28932000 47655000 11092000 13881000 1,647138117 1,251442481
Enoyl-CoA delta isomerase 1, mitochondrial ECI1; DCI 16638000 15590000 3356700 4187600  0,93701166 1,247534781
Transitional endoplasmic reticulum ATPase VCP 32193000 18683000 23894000 29591000 0,580343553 1,238428057
Protein-glutamine gamma-glutamyltransferase 2 TGM2 42703000 50342000 35897000 44232000 1,178886729 1,232192105
Putative elongation factor 1-alpha-like 3; Elongation EEF1A1PS; 109620000 93550000 50103000 61697000 0,853402664 1,231403309
factor 1-alpha 1; Elongation factor 1-alpha EEF1A1
Fatty acid-binding protein, heart FABP3 163340000 127360000 175760000 216190000 0,779723277 1,230029586
Alpha-enolase; Enolase ENO1 50516000 60129000 22335000 27191000 1,190296144 1,217416611
Ilg gamma-3 chain C region IGHG3 1404700000 67879000 212870000 259070000 0,048322774  1,21703387
Peptidyl-prolyl cis-trans isomerase A; Peptidyl-prolyl PPIA 9418000 8609300 12863000 15461000 0,914132512 1,201974656
cis-trans isomerase A, N-terminally processed;
Peptidyl-prolyl cis-trans isomerase
Lumican LUM 6557600 7153800 5091700 6086000 1,090917409 1,195278591
Eukaryotic translation initiation factor 2 subunit 1 EIF2S1 4662600 10994000 5691000 6774500 2,357911895 1,190388332
Fibronectin; Anastellin; Ugl-Y1; Ugl-Y2; Ugl-Y3 FN1 167300000 238630000 240110000 281410000 1,426359833 1,172004498
Ig lambda-2 chain C regions; Ig lambda-3 chain C IGLC3; IGLC2; 1964200000 2990200000 826640000 967530000 1,522350066  1,17043695
regions; |g lambda-6 chain C region IGLC6
Aldehyde dehydrogenase, mitochondrial ALDH2 16635000 14265000 9204800 10748000 0,857529306 1,16765166
ATP-dependent 6-phosphofructokinase, muscle type PFKM 62328000 66028000 46640000 54104000 1,059363368 1,160034305
Actin, alpha cardiac muscle 1; Actin, aortic smooth ACTCH; 1084000000 1678400000 841100000 970780000 1,548339483 1,154179051
muscle; Actin, gamma-enteric smooth muscle ACTAZ;

ACTG2
Acetyl-CoA acetyltransferase, mitochondrial ACAT1 188370000 290920000 157350000 180690000 1,544407284 1,148331745
60 kDa heat shock protein, mitochondrial HSPD1 56348000 95378000 28018000 32027000 1,692659899 1,143086587
Filamin-A FLNA 97748000 112440000 342490000 388010000 1,150304866  1,13290899
Hemoglobin subunit beta; LVV-hemorphin-7; HBB 394460000 325570000 375500000 423850000 0,825356183 1,128761651
Spinorphin
PEZ ar?d LIM domain protein 1 PDLIM1 4179700 4408400 2750700 3093600 1,054716846 1,124659178
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Caspase-14; Caspase-14 subunit p17, mature form; CASP14 32817000 31635000 29026000 32557000 0,963982082 1,121649556
Caspase-14 subunit p10, mature form; Caspase-14
subunit p20, intermediate form; Caspase-14 subunit
p8, intermediate form
Moesin MSN 14178000 15433000 12192000 13664000 1,088517421 1,120734908
NADH dehydrogenase [ubiquinone] iron-sulfur protein ~ NDUFS3 12533000 15939000 2647900 2952200 1,271762547 1,114921258
3, mitochondrial
Beta-enolase; Enolase ENO3 42043000 40093000 12586000 14021000 0,953618914 1,114015573
Very long-chain specific acyl-CoA dehydrogenase, ACADVL 122010000 120590000 77740000 86594000  0,98836161 1,113892462
mitochondrial
Protein NipSnap homolog 2 GBAS 29778000 33488000 9822200 10888000 1,124588622 1,108509295
2-oxoglutarate dehydrogenase, mitochondrial OGDH 36000000 28054000 44165000 48682000 0,779277778 1,102275558
Heat shock protein HSP 90-alpha HSP90AA1 14678000 17220000 18158000 20011000 1,173184358 1,102048684
Dynamin-like 120 kDa protein, mitochondrial; OPA1 5304800 4107700 3610600 3956900 0,77433645 1,095912037
Dynamin-like 120 kDa protein, form S1
Glycogen [starch] synthase, muscle GYS1 1594800000 12834000 414490000 444340000 0,008047404 1,072016213
Cytochrome c CYCS 24411000 25036000 29938000 31778000 1,025603212 1,061460351
Serotransferrin TF 64290000 64868000 54088000 57098000 1,008990512 1,055650052
Keratin, type Il cytoskeletal 2 epidermal KRT2 1028100000 9289000000 7705000000 8042900000 0,903511332  1,04385464
0

Calsequestrin-2 CASQ2 87201000 119970000 30765000 32088000 1,375786975 1,043003413
NAD(P) transhydrogenase, mitochondrial NNT 49786000 35197000 62065000 64495000 0,706965814 1,039152501
Fibrinogen alpha chain; Fibrinopeptide A; Fibrinogen FGA 25037000 22830000 17390000 18013000 0,911850461 1,035825187
alpha chain

IGLV3-10 369740000 404800000 103340000 106330000 1,094823389 1,028933617
Lipocalin-1 LCN1 71344000 30475000 54514000 55484000 0,427155752 1,017793594
Prohibitin PHB 14492000 12785000 4429000 4492000 0,882210875  1,01422443
Elongation factor 2 EEF2 12393000 8154500 8073500 8187800 0,657992415 1,014157429
78 kDa glucose-regulated protein HSPA5 388190000 331120000 227020000 229650000 0,852984363 1,011584882
Glucose-6-phosphate isomerase GPI 38989000 33931000 12753000 12898000 0,870271102 1,011369874
408 ribosomal protein S3 RPS3 22748000 33600000 15350000 15477000 1,477052928 1,008273616
Protein-L-isoaspartate O-methyltransferase; Protein- PCMT1 67289000 91638000 23385000 23523000 1,361857064 1,005901219
L-isoaspartate (D-aspartate) O-methyltransferase
Hydroxysteroid dehydrogenase-like protein 2 HSDL2 31161000 35457000 9167700 9098200 1,137864638 0,992419036
ATP synthase subunit beta, mitochondrial; ATP ATPS5B 1214300000 1272100000 378310000 374460000 1,04759944 0,989823161
synthase subunit beta
Leucine-rich PPR motif-containing protein, LRPPRC 58695000 32202000 74158000 72847000 0,548632763  0,98232153

187



Appendix

mitochondrial

Desmocollin-1 DSC1 29606000 20298000 17029000 16724000 0,685604269 0,982089377
Complement C3; Complement C3 beta chain; C3- C3 40282000 34288000 41668000 40806000 0,851199047 0,979312662
beta-c; Complement C3 alpha chain; C3a

anaphylatoxin; Acylation stimulating protein;

Complement C3b alpha chain; Complement C3c

alpha chain fragment 1; Complement C3dg fragment;

Complement C3g fragment; Complement C3d

fragment; Complement C3f fragment; Complement

C3c alpha chain fragment 2

Fumarate hydratase, mitochondrial FH 53461000 47935000 22644000 22034000  0,89663493 0,973061297
Ketimine reductase mu-crystallin CRYM 9683300 13630000 8003000 7780600 1,407577995 0,972210421
Isocitrate dehydrogenase [NADP], mitochondrial IDH2 203430000 205700000 135490000 131520000 1,01115863 0,970698945
Succinyl-CoA:3-ketoacid coenzyme A transferase 1, OXCT1 86580000 72318000 30458000 29543000 0,835273735 0,969958632
mitochondrial

Atypical kinase ADCK3, mitochondrial ADCK3 9422500 6898800 4653600 4503000 0,732162377 0,967637958
Heat shock protein HSP 90-beta HSP90AB1 98553000 95407000 97164000 93924000  0,96807809 0,966654316
Short-chain specific acyl-CoA dehydrogenase, ACADS 3070400 4899400 2739700 2636000 1,595687858  0,96214914
mitochondrial

Cofilin-1 CFL1 21561000 15348000 34043000 32694000 0,711840824 0,960373645
Heat shock protein beta-1 HSPB1 242480000 439320000 75097000 72095000 1,811778291 0,960025034
Trifunctional enzyme subunit alpha, mitochondrial; HADHA 422060000 397310000 351900000 335280000 0,941359048 0,952770673
Long-chain enoyl-CoA hydratase; Long chain 3-

hydroxyacyl-CoA dehydrogenase

Apolipoprotein A-l; Proapolipoprotein A-1; Truncated APOA1 13375000 11411000 3475500 3274900 0,853158879 0,942281686
apolipoprotein A-I

Suprabasin SBSN 7635800 5851600 5297400 4948600 0,766337515 0,934156379
Collagen alpha-3(VI) chain COLBA3 5282000 8561600 12649000 11805000 1,620901174 0,933275358
Pyruvate kinase PKM; Pyruvate kinase PKM 63240000 78779000 48796000 45479000 1,245714738 0,932023117
Dihydrolipoyl dehydrogenase; Dihydrolipoyl DLD 142940000 101870000 46880000 43325000 0,712676648 0,924168089
dehydrogenase, mitochondrial

40S ribosomal protein S19 RPS19 3402100 4332800 11910000 10966000 1,273566327 0,920738875
Protein deglycase DJ-1 PARK7 19471000 11173000 5864800 5373500 0,573827744 0,916229027
Prelamin-A/C; Lamin-A/C LMNA 36186000 45889000 37251000 34108000 1,268142376 0,915626426
ATP-dependent 6-phosphofructokinase, platelet type PFKP 6065100 5164800 5793600 5303700 0,851560568 0,915441176
ATP synthase subunit alpha, mitochondrial ATP5A1 1173800000 972240000 443030000 402750000 0,828284205 0,909080649
NADH-ubiquinone oxidoreductase 75 kDa subunit, NDUFS1 32279000 17238000 15553000 14080000 0,534031414 0,905291584

mitochondrial
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Serpin B6 SERPINB6 6033000 15940000 7457800 6688000 2,642134925 0,896779211
60S ribosomal protein L11 RPL11 2664800 3266400 8136700 7291000 1,225758031 0,896063515
Peroxisomal multifunctional enzyme type 2;(3R)- HSD17B4 1185600000 1040200000 925360000 828880000 0,877361673 0,895737875
hydroxyacyl-CoA dehydrogenase; Enoyl-CoA
hydratase 2
Laminin subunit gamma-1 LAMC1 2867900 4968900 7264100 6491300 1,732591792 0,893613799
Profilin-1 PFN1 9960400 5838000 8712400 7777100 0,586121039 0,892647261
LIM domain-binding protein 3 LDB3 103270000 73913000 86871000 77403000 0,715725767 0,891010809
Elongation factor 1-delta EEF1D 7139900 6946900 6583100 5848600 0,972968809 0,888426425
Stress-70 protein, mitochondrial HSPA9 650390000 537370000 507010000 444140000 0,826227341 0,875998501
Aconitate hydratase, mitochondrial ACO2 225230000 206430000 255370000 218880000  0,91652977 0,857109292
IGHV3-72 3662200000 2828700000 1304700000 1116700000 0,772404566 0,855905572
Ig lambda chain V-IlI region LOI 1793300000 1711700000 568980000 486460000 0,954497295  0,85496854
Long-chain-fatty-acid--CoA ligase 1 ACSL1 29291000 16768000 23719000 20216000 0,572462531 0,852312492
Ezrin EZR 8286500 9465000 7668100 6475000 1,142219272  0,84440735
ADP/ATP translocase 2; ADP/ATP translocase 2, N- SLC25A5 32877000 23284000 7375500 6218100  0,70821547 0,843075046
terminally processed
Peroxiredoxin-2 PRDX2 75202000 87310000 33334000 27890000 1,161006356 0,836683266
Desmoglein-1 DSG1 106880000 78979000 97139000 80527000 0,738950225 0,828987327
Ig alpha-1 chain C region IGHA1 591910000 888530000 449910000 370090000 1,501123482  0,82258674
Carnitine O-palmitoyltransferase 1, muscle isoform CPT1B 19426000 12953000 15500000 12728000 0,666786781 0,82116129
Keratin, type Il cytoskeletal 1 KRT1 4353400000 34929000000 37307000000 3026000000 0,802338402 0,811107835
0 0
Alpha-2-macroglobulin A2M 12760000 16639000 29369000 23816000 1,303996865 0,810923082
Annexin A11 ANXA11 6886600 8593100 2457300 1985900 1,247800076 0,808163431
Histone H1.4; Histone H1.3 HIST1H1E; 22276000 11333000 15378000 12414000 0,508753816 0,807257121
HIST1H1D
Ubiquitin-60S ribosomal protein L40; Ubiquitin;60S UBB; 110510000 88540000 110450000 89132000 0,801194462 0,806989588
ribosomal protein L40; Ubiquitin-40S ribosomal RPS27A;
protein S27a; Ubiquitin; 40S ribosomal protein S27a; UBC; UBA52
Polyubiquitin-B; Ubiquitin; Polyubiquitin-C; Ubiquitin
Succinate dehydrogenase [ubiquinone] flavoprotein SDHA 26852000 20815000 19470000 15689000 0,775175034 0,805803801
subunit, mitochondrial
Ig kappa chain V-I region Gal 118660000 93587000 24526000 19762000 0,788698803 0,805757156
Bleomycin hydrolase BLMH 11239000 2683900 6314200 5078100 0,238802385 0,804234899
Citrate synthase; Citrate synthase, mitochondrial Cs 50179000 52447000 32785000 26241000 1,04519819 0,800396523
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40S ribosomal protein S18 RPS18 10462000 5084900 11920000 9537100 0,486035175 0,800092282
Zinc-alpha-2-glycoprotein AZGP1 23883000 24894000 24677000 19527000 1,042331365 0,791303643
Protein S100-A9 S100A9 143530000 175870000 139220000 109700000 1,225318749 0,7879615
Desmoplakin DSP 327150000 282630000 287830000 225670000 0,863915635  0,78403919
T-complex protein 1 subunit beta CCT2 60912000 6533600 3058900 2395600 0,107262937 0,783157344
Histone H4 HIST1H4A 139770000 63030000 86971000 67860000 0,450955141 0,780260087
T-complex protein 1 subunit gamma CCT3 3487000 2021400 5046400 3936800 0,579696014 0,780120482
Ig mu chain C region IGHM 1358200000 1075400000 896460000 693830000 0,791783243  0,77396649
Thioredoxin-dependent peroxide reductase, PRDX3 52737000 54870000 13989000 10822000 1,040445987 0,773607835
mitochondrial

IGHV3-15 232220000 167030000 80643000 61971000 0,719274826 0,768460995
Lactotransferrin; Lactoferricin-H; Kaliocin-1; LTF 17289000 18209000 13121000 9981700 1,053213026 0,760742321
Lactoferroxin-A; Lactoferroxin-B; Lactoferroxin-C
Tubulin beta chain TUBB 215240000 155740000 83811000 63656000 0,723564393  0,75951844
Peroxiredoxin-1 PRDX1 28408000 27035000 11424000 8630400 0,951668544 0,755462185
3-hydroxyacyl-CoA dehydrogenase type-2 HSD17B10 11937000 6417700 2247900 1694400 0,537630896 0,753770186
Arginase-1 ARGH1 50977000 43053000 48961000 36890000 0,844557349 0,753456833
Ig heavy chain V-III region JON; Ig heavy chain V-IlI IGHV3-21 2023000000 1779500000 701140000 523840000 0,879634207 0,747126109
region WEA; Ig heavy chain V-Ill region TRO
ADP/ATP translocase 1 SLC25A4 485640000 393330000 141790000 105040000 0,809920929  0,74081388
Succinyl-CoA ligase [GDP-forming] subunit beta, SUCLG2 11229000 23319000 12723000 9380000 2,076676463 0,737247505
mitochondrial
Hydroxyacyl-coenzyme A dehydrogenase, HADH 24689000 34468000 22062000 16164000 1,396087326 0,732662497
mitochondrial
Cofilin-2 CFL2 6641400 3527100 11922000 8513000 0,531077785 0,714058044
Acetyltransferase component of pyruvate DLAT 22651000 23789000 24429000 16727000 1,050240607 0,684718982
dehydrogenase complex; Dihydrolipoyllysine-residue
acetyltransferase component of pyruvate
dehydrogenase complex, mitochondrial
Myosin regulatory light chain 2, ventricular/cardiac MYL2 61360000 51343000 50770000 33322000 0,836750326  0,65633248
muscle isoform
Serum deprivation-response protein SDPR 4263100 3154600 3338700 2183200  0,73997795 0,653907209
Elongation factor Tu, mitochondrial TUFM 69527000 59788000 28994000 18914000 0,859924921 0,652341864
Dihydrolipoyllysine-residue succinyltransferase DLST 62238000 32893000 18318000 11893000 0,528503487 0,649252102
component of 2-oxoglutarate dehydrogenase
complex, mitochondrial
Apoptosis-inducing factor 1, mitochondrial AIFM1 32136000 18500000 24963000 15653000 0,575678367 0,627048031
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Calcium-binding mitochondrial carrier protein Aralar1 SLC25A12 52818000 28160000 40277000 24498000 0,533151577 0,608237952
Peroxiredoxin-6 PRDX6 21617000 14879000 7887100 4792000 0,688300874 0,607574394
Heat shock protein beta-6 HSPB6 35534000 17749000 61565000 37310000 0,499493443 0,606026151
Annexin A1; Annexin ANXA1 153550000 188190000 205800000 123860000 1,225594269 0,601846453
Junction plakoglobin JUP 187970000 117630000 149520000 88391000  0,62579135 0,591165062
Alpha-crystallin B chain CRYAB 328900000 201540000 119560000 69155000 0,612769839 0,578412513
Protein-glutamine gamma-glutamyltransferase K TGM1 15616000 11731000 12849000 7354400 0,751216701 0,572371391
Adenylate kinase isoenzyme 1 AK1 23906000 22025000 5173100 2938600 0,921316824 0,568053972
408 ribosomal protein SA RPSA 17217000 5485300 13410000 7128600 0,318597897 0,531588367
Cytochrome c oxidase subunit 4 isoform 1, COX4I1 10433000 3119800 13325000 7014400 0,299031918 0,526409006
mitochondrial

E3 ubiquitin-protein ligase TRIM21 TRIM21 89627000 29928000 19513000 9709000 0,333917235 0,497565725
Succinyl-CoA ligase [ADP-forming] subunit beta, SUCLA2 31723000 22338000 25282000 12410000 0,704157867 0,490863065
mitochondrial

Prolactin-inducible protein PIP 38518000 13824000 39844000 17147000 0,358897139 0,430353378
Lipoamide acyltransferase component of branched- DBT 9178300 3985800 2700100 1141400 0,434263426 0,422725084
chain alpha-keto acid dehydrogenase complex,

mitochondrial

Mitochondrial 2-oxoglutarate/malate carrier protein SLC25A11 46038000 25036000 16305000 5502000 0,543811634 0,337442502
Vimentin VIM 172610000 40166000 39591000 12744000  0,23269799 0,321891339
Transketolase TKT 3463800 828930 6086400 1849300 0,239312316 0,303841351
MICOS complex subunit MIC60 IMMT 102230000 56780000 92521000 28027000 0,555414262 0,302925822
Plakophilin-1 PKP1 69903000 11540000 39850000 10313000 0,165085905 0,258795483
PDZ and LIM domain protein 5 PDLIM5 28604000 24800000 27881000 6959700 0,867011607 0,249621606
Four and a half LIM domains protein 2 FHL2 433730000 236500000 115620000 25796000 0,545270099 0,223110189
Protein-glutamine gamma-glutamyltransferase E; TGM3 35996000 7413100 32420000 5521100 0,205942327 0,170299198
Protein-glutamine gamma-glutamyltransferase E 50

kDa catalytic chain; Protein-glutamine gamma-

glutamyltransferase E 27 kDa non-catalytic chain

Ig kappa chain V-IV region IGKV4-1 312710000 135570000 82514000 12138000 0,433532666  0,14710231
Plectin PLEC 3522800 1359300 6430600 0  0,38585784 0
General transcription factor II-| GTF2I 1478300 1010300 11736000 0 0,683420145 0
T-complex protein 1 subunit theta CCT8 5647300 5563400 2820800 0 0,985143343 0
Protein disulfide-isomerase A3 PDIA3 2408700 2866600 4093500 0 1,190102545 0
C-1-tetrahydrofolate synthase, cytoplasmic; MTHFD1 1518500 1644200 4815800 0 1,082779058 0

Methylenetetrahydrofolate dehydrogenase;
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Methenyltetrahydrofolate cyclohydrolase;
Formyltetrahydrofolate synthetase; C-1-
tetrahydrofolate synthase, cytoplasmic, N-terminally
processed

Ubiquitin-like modifier-activating enzyme 1 UBA1 4606100 1022800 9116000 0 0,222053364 0
Nucleophosmin NPM1 1381100 1915900 4361800 0 1,387227572 0
Importin-7 IPO7 4011300 2423400 6789300 0 0,604143295 0
Transportin-1 TNPO1 4368800 2185300 5433000 0 0,500206006 0
Serine/threonine-protein kinase mTOR MTOR 3545200 2721700 8749800 0 0,767714092 0
Myosin light polypeptide 6 MYL6 4385300 3811500 5902200 0 0,869153764 0
Glutamate dehydrogenase 1, mitochondrial; GLUD{; 14308000 8016300 2830500 0 0,560266984 0
Glutamate dehydrogenase 2, mitochondrial GLUD2
Cornulin CRNN 17594000 831590 12473000 0 0,047265545 0
MICOS complex subunit MIC19 CHCHD3 26233000 12684000 4327000 0 0,483513132 0
Catalase CAT 15809000 9858700 8636200 0 0,623613132 0
10 kDa heat shock protein, mitochondrial HSPE1 7283100 9663000 8646800 0 1,326770194 0
Periplakin PPL 6497100 5354000 7167000 0 0,824059965 0
Proteasome subunit alpha type; Proteasome subunit PSMA6 4971600 5683100 3265800 0 1,143112881 0
alpha type-6
Prrl)osprzlgtidylethanolamine-binding protein 1; PEBP1 24928000 23743000 9036200 0 0,952463094 0
Hippocampal cholinergic neurostimulating peptide
Peroxiredoxin-5, mitochondrial PRDX5 8937600 5813200 12131000 0 0,650420695 0
ATP synthase subunit f, mitochondrial ATP5J2- 2552000 116840 3000300 0 0,045783699 0
PTCD1;
ATP5J2
Acyl-coenzyme A thioesterase 9, mitochondrial ACOT9 5114400 1180000 1215300 0 0,230721101 0
Small proline-rich protein 3 SPRR3 14140000 1797300 14955000 0 0,127107496 0
ATP-dependent RNA helicase DDX1 DDX1 2170000 1002300 1701000 0 0,461889401 0
Cystatin-B CSTB 39029000 16396000 37309000 0 0,420097876 0
Phosphate carrier protein, mitochondrial SLC25A3 93406000 72991000 48373000 0 0,781438023 0
Apolipoprotein D APOD 17728000 5155200 14595000 0 0,290794224 0
Dual specificity protein phosphatase 3 DUSP3 2410300 1289200 4608200 0 0,534871178 0
F-box only protein 50 NCCRP1 10396000 10368000 13816000 0 0,997306656 0
Ferritin heavy chain; Ferritin heavy chain, N-terminally  FTH1 1773500 1168000 3406700 0 0,658584719 0
processed; Ferritin
Mitochondrial import inner membrane translocase DNAJC19 1481800 1146900 1690900 0 0,773991092 0
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Cytochrome c oxidase subunit 2 MT-CO2 6347100 1268300 12020000 0 0,199823541 0
EH domain-containing protein 2 EHD2 2876600 1706400 2254900 0 0,593200306 0
Zymogen granule protein 16 homolog B Z2G16B 68009000 857950 74574000 0 0,012615242 0
Lysozyme C; Lysozyme LYZ 109030000 35508000 113710000 0 0,325671833 0
ATP synthase F (0) complex subunit B1, ATP5F1 17145000 16915000 5441600 0  0,98658501 0
mitochondrial
Cytochrome b-c1 complex subunit 1, mitochondrial UQCRC1 8781100 5734000 4960600 0 0,652993361 0
Ig kappa chain V-IIl region VG IGKV3D-11 1676300000 1526800000 409810000 0 0,910815486 0
Fibrinogen gamma chain FGG 14577000 4549200 4212300 0 0,312080675 0
Propionyl-CoA carboxylase alpha chain, mitochondrial PCCA 4645500 2725900 3641600 0 0,586782908 0
Sarcoplasmic reticulum histidine-rich calcium-binding  HRC 11332000 8500300 15619000 0 0,750114719 0
protein
Haptoglobin; Haptoglobin alpha chain; Haptoglobin HP; HPR 4211800 3042100 5337900 0  0,72228026 0
beta chain; Haptoglobin-related protein
Glutathione S-transferase P GSTP1 11817000 18395000 6537800 0 1,556655666 0
Troponin C, slow skeletal and cardiac muscles TNNCA1 2355000 2123200 4459600 0 0,901571125 0
Methylcrotonoyl-CoA carboxylase subunit alpha, MCCC1 5655600 2037100 4433400 0 0,360191668 0
mitochondrial
TPR and ankyrin repeat-containing protein 1 TRANKA1 1893500 968080 3887000 0 0,511264853 0
Alpha-amylase 1; Alpha-amylase; Alpha-amylase 2B; AMY1A,; 24557000 1085700 27089000 0 0,044211426 0
Pancreatic alpha-amylase AMY1B;

AMY2B;

AMY2A
Delta-1-pyrroline-5-carboxylate dehydrogenase, ALDH4A1 6086500 5527900 8375400 0 0,908223117 0

mitochondrial
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