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Abstract

Hypertension presents a major risk factor for various secondary complications, in-
cluding heart failure and chronic kidney disease (CKD). Gain-of-function mutations in
the phosphodiesterase 3A (PDE3A) gene cause hypertension with brachydactyly
(HTNB). HTNB resembles essential hypertension; however, the few examined patients
exhibited almost no signs of end-organ damage. The study aimed to validate the hy-
pothesis that HTNB-causing PDE3A mutations protect from hypertension-induced end-
organ damage and gain insight into the underlying molecular mechanisms.

This study provided a characterization of the heart and kidney phenotypes in patient
with HTNB and in two HTNB rat models. Despite hypertension, the morphology of
hearts and kidneys of HTNB patient and rats carrying HTNB-causing PDE3A mutations
remained unchanged, except for hyperplasia of resistance arteries in these organs. Se-
rum and urine parameters in patient and animals were within the normal ranges or only
slightly deviated from reference values. Further examination of HTNB rats revealed no
signs of inflammation and fibrosis in the heart and kidney, which are typically detected
as a consequence of hypertension. Transcriptome analysis revealed only subtle differ-
ences between the kidneys and hearts of HTNB and wild-type rats.

In the kidney's inner medulla of HTNB rats, the protein expression of the pro-fibrotic
agent amphiregulin (AREG) was decreased. The mRNA expression of renin, a blood
pressure-elevating agent, was downregulated in the kidneys of HTNB rats and upregu-
lated in animals with a functional knockout of Pde3a, which was available as a control.

HTNB rats responded to a catecholamine challenge with isoproterenol in a manner
similar to that of wild-type animals. Previous findings have pointed toward improved
heart contractility in HTNB patients and in HTNB rats (Ercu et al., 2022). Sarcoplasmic
reticulum calcium ATPase 2A (SERCA2A) is one of the key players in the excitation-
contraction coupling machinery because it promotes Ca?* reuptake into the sarcoplas-
mic reticulum (SR), therefore inducing cardiac relaxation. SERCA2A activity is con-
trolled, among others, by its interaction with PDE3A1. Phosphorylation of SERCA2A at
serine residue 663 has been shown to promote this interaction.

In summary, these findings indicate that HTNB-causing PDE3A mutations protect
against hypertension-induced end-organ damage. The molecular mechanisms of
PDE3A-mediated reno- and cardioprotection include the attenuation of tissue fibrosis in
the kidney and modulation of cardiac myocyte contractility in the heart.



Zusammenfassung

Hypertonie ist ein wichtiger Risikofaktor fur verschiedene sekundare Komplikationen,
darunter Herzversagen und chronische Nierenerkrankungen. Gain-of-function-
Mutationen im Phosphodiesterase-3A-Gen (PDE3A) verursachen Hypertonie mit
Brachydaktylie (HTNB). HTNB ahnelt der essenziellen Hypertonie; die wenigen
untersuchten Patienten wiesen jedoch fast keine Anzeichen von Endorganschaden auf.
Ziel der Studie war es, die Hypothese zu validieren, dass HTNB-verursachende
PDE3A-Mutationen vor Hypertonie-induzierten Endorganschaden schiutzen, und
Einblicke in die zugrunde liegenden molekularen Mechanismen zu gewinnen.

Diese Studie lieferte eine Charakterisierung des Herz- und Nierenphanotyps bei
HTNB-Patienten und 2zwei HTNB-Rattenmodellen. Trotz Hypertonie blieb die
Morphologie von Herz und Nieren der HTNB-Patienten und der Ratten, die HTNB-
verursachende PDE3A-Mutationen trugen, unverandert, mit Ausnahme einer
Hyperplasie der Widerstandsarterien in diesen Organen. Die Serum- und Urinparameter
der Patienten und der Tiere lagen im normalen Bereich oder wichen nur geringfugig von
den Referenzwerten ab. Die weitere Untersuchung der HTNB-Ratten ergab keine
Anzeichen von Entzindungen und Fibrose in Herz und Niere, die typischerweise als
Folge von Bluthochdruck auftreten. Die Untersuchung des Transkriptoms ergab nur
subtile Unterschiede zwischen den Nieren und Herzen von HTNB- und Wildtyp-Ratten.

In der inneren Medulla der Niere von HTNB-Ratten war die Proteinexpression des
pro-fibrotischen Amphiregulins (AREG) vermindert. Die mRNA-Expression des
blutdrucksteigernden Agens Renin war in den Nieren von HTNB-Ratten
herunterreguliert und bei Tieren mit funktionellem Knockout von Pde3a, die als Kontrolle
zur Verfligung standen, hochreguliert.

HTNB-Ratten reagierten auf eine Katecholaminbelastung mit Isoproterenol in
ahnlicher Weise wie Wildtyp-Tiere. Frihere Befunde wiesen auf eine verbesserte
Kontraktilitat der Herzen von HTNB-Patienten und von HTNB-Ratten hin (Ercu et al.,
2022). Die Ca?*-ATPase 2A des sarkoplasmatischen Retikulums (SERCAZ2A) ist einer
der Hauptakteure in der Erregungs-Kontraktions-Kopplungsmaschinerie, da sie die
Ca?*-Wiederaufnahme in das sarkoplasmatische Retikulum (SR) férdert und so die
kardiale Entspannung induziert. Die Aktivitat von SERCA2A wird unter anderem durch
seine Interaktion mit PDE3A1 gesteuert. Es hat sich gezeigt, dass die Phosphorylierung
von SERCA2A am Serinrest 663 diese Interaktion fordert.



Zusammenfassend deuten diese Ergebnisse darauf hin, dass HTNB-verursachende
PDE3A-Mutationen vor durch Bluthochdruck verursachten Endorganschaden schutzen.
Zu den molekularen Mechanismen der PDE3A-vermittelten Nieren- und
Kardioprotektion gehoéren die Abschwachung der Gewebefibrosein der Niere und die

Modulation der Kontraktilitat der Herzmuskelzellen im Herzen.
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1 Introduction

1.1 Hypertension and its complications

1.1.1 The definition of hypertension

The American Heart Association (AHA) defines hypertension as a blood pressure of
130/80 mmHg, and at least 1.3 billion individuals across the globe meet this criterion (Di
Palo and Barone, 2020, Ercu et al., 2023). Approximately 90 % of them have primary
(essential) hypertension when the initial cause of increased blood pressure cannot be
distinguished. The remaining 10 % represent secondary hypertension caused by an
identifiable factor, such as gene mutation, renal, endocrine, vascular, and other disor-
ders, or side effects of drug intake (Ercu et al., 2023, Padmanabhan et al., 2015). Hy-
pertension is a leading cause of various secondary complications. Hypertension may
induce left ventricular hypertrophy and microalbuminuria, which further progress and
frequently result in stroke, heart attack, heart failure, CKD, and hypertensive retinopathy
(Messerli et al., 2007, Gargiulo et al., 2015).

1.1.2 Hypertension is a major risk factor for heart failure and CKD

Cardiovascular diseases cause approximately 19 million deaths every year, making
them the leading cause of death worldwide (Tsao et al., 2022). Among the various car-
diovascular diseases, approximately 50 % of cases account for heart failure (Disease et
al., 2017, Ercu et al., 2023), which can be defined as the inability of the heart muscle to
pump blood and supply the peripheral tissue with sufficient amount of oxygen (Khera et
al., 2018, Mo et al., 2023). A long-term persistent increase in blood pressure impairs the
contractility of cardiac myocytes and decreases cardiac output. Furthermore, it leads to
the development of oxidative stress, inflammation, mitochondrial dysfunction, and apop-
tosis, which result in cardiac myocyte loss, myocardial fibrosis, cardiac hypertrophy, and
culminate in heart failure (Schirone et al., 2017).

Hypertension is also a major risk factor for CKD (Mennuni et al., 2014, Sholokh and
Klussmann, 2021). Currently, more than 800 million people worldwide suffer from CKD,
and at least 25 % of them have treatment-resistant hypertension (Kovesdy, 2022,
Sholokh and Klussmann, 2021). CKD is characterized by a decreased kidney function

with an estimated glomerular filtration rate (eGFR) lower than 60 mL/min/1.73 m? or the
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presence of kidney damage or both for at least 3 months (Webster et al., 2017). Hyper-
tension causes CKD by stretching glomerular capillaries, endothelial cell damage, po-
docyte destruction, and an increase in glomerular protein filtration. Compromised endo-
thelial cells switch to producing an exceeding amount of extracellular matrix molecules.
Augmentation of glomerular filtration promotes tubular reabsorption of proteins and
mesangial cell proliferation. Mesangial cells, in turn, activate the renin-angiotensin-
aldosteron system (RAAS), producing vascular permeability factors, transforming
growth factor (TGF-B), and fibronectin. These events culminate in inflammation, fibrosis,
and glomerulosclerosis (Mennuni et al., 2014, Folkow et al., 1977, Pavenstadt et al.,
2003).

1.1.3 Treatment options for hypertension and its complications are limited

Currently, a conventional protocol for hypertension treatment entails RAAS inhibitors
(angiotensin-converting enzyme inhibitors or angiotensin-2 receptor blockers), Ca?*-
channel blockers, diuretics, and B-blockers. The overall goal of this treatment is to in-
duce relaxation and widen the blood vessels, decrease the volume of the bloodstream,
and reduce the workload on the heart (Al-Makki et al., 2022). However, the treatment at
best allows for controlling and slowing disease progression. More specific and effective
approaches for the treatment or even prevention of the disease are not yet available.

Comparable scenarios arise in the context of treating hypertension-induced condi-
tions such as heart failure or CKD. The treatment strategy for heart failure is similar and,
for example, in the case of heart failure with reduced ejection fraction, may include a
combination of drugs to reduce the overactivation of the neurohormonal system; drugs
with positive ionotropic effects (B-adrenergic agonists or phosphodiesterase inhibitors)
to improve the heart contractility; diuretics to reduce the workload of the heart; and so-
dium-glucose cotransporter-2 (SGLT-2) inhibitors, blood sugar lowering agents, which
were shown to reduce the blood pressure and preserve renal function (Ahmad et al.,
2019, Mo et al., 2023).

The management of CKD aims to reduce the level of kidney damage and protect the
body from further CKD-mediated events, which can be achieved by a combination of
medications to lower blood pressure (RAAS inhibitors and diuretics), prevent or de-
crease hyperglycemia (SGLT-2 inhibitors) and correct metabolic acidosis (Charles and
Ferris, 2020).



Introduction 6

These circumstances emphasize the need to develop approaches that increase the
efficiency of treatment or are even directed toward preventing hypertension and its sec-

ondary complications.

1.2 Hypertension with brachydactyly type E (HTNB)

1.2.1 Features and cause of HTNB

Hypertension with brachydactyly type E (HTNB) is a rare Mendelian disease that has
been identified in only approximately 20 families worldwide (Ercu et al., 2022). HTNB
patients have progressive hypertension with blood pressure values reaching 190/100
mmHg and hyperplasia of the peripheral arteries. The elevation of blood pressure in
HTNB is attributed to the augmented proliferation rate of vascular smooth muscle cells
(VSMCs) and increased media-to-lumen ratio in second-order arteries, resulting in in-
creased peripheral vascular resistance. Another feature of HTNB is the short fingers
and short stature, which do not compromise the patients. If untreated, HTNB leads to
stroke and death by the age of 50 years (Ercu et al., 2020, Ercu et al., 2022, Maass et
al., 2015, Sholokh et al., 2023).

HTNB is caused by missense gain-of-function mutations in the gene encoding cyclic
guanosine monophosphate (cGMP)-inhibited cyclic adenosine monophosphate (CAMP)
phosphodiesterase 3A (PDE3A). The gene encodes three PDE3A protein isoforms,
PDE3A1-3 (Figure 1.1) (Toka et al., 2015). PDE3A1 is predominantly expressed in car-
diac myocytes, PDE3A2 in VSMCs, and PDE3A3 in placenta (Ercu and Klussmann,
2018, Choi et al., 2001). At least 12 different mutations causing HTNB have been identi-
fied. The majority of the mutations were found in exon 4. These mutations result in ami-
no acid substitutions within a “hotspot” region located N-terminally of the catalytic do-
main of both PDE3A1 and PDE3AZ2 (specifically at amino acid residues 445 - 449) (Ercu
et al., 2020, Ercu et al., 2022, Ercu et al., 2023). Another mutation that causes HTNB
was mapped to exon 13, which encodes the PDE3A catalytic domain. This mutation
affects all three PDE3A isoforms, A1-A3 (Ercu et al., 2020, Ercu et al., 2022).

PDE3A belongs to the superfamily of phosphodiesterases (PDEs), enzymes that hy-
drolyze cAMP and/or cGMP (Baillie et al., 2019, Ercu and Klussmann, 2018). The PDE
superfamily comprises at least 100 different PDEs, divided into 11 families (PDE1-
PDE11). The predominant PDEs in the kidney and heart are PDE1-PDES5, PDES8, and
PDE9 (Ercu and Klussmann, 2018, Sholokh and Klussmann, 2021). PDE3A hydrolyzes
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both cAMP and cGMP (Degerman et al., 1997). However, it has a 4-10-fold higher Vmax
for cAMP than for cGMP, and therefore preferentially utilizes cAMP as a substrate
(Degerman et al., 1997). In the context of HTNB, mutant PDE3A enzymes exhibit hy-
peractivity, hyperphosphorylation, and increased interaction with 14-3-30 (Ercu et al.,

2020, Ercu et al., 2022, Toka et al., 2015).

PDE3A gene
12p12.2 C

. 315.14 kb

PDE3A N - = . . 12486 bp

mRNA / 1 2\ 3 4 5 6 7 8 9 10\11 12 13 14 15 16
1141aa

Full protein  1aa \/V\/\ = - o

Hydrophobic  Hydrophobic . Catalytic domain
region 1 region2

PDE3A1  146aa \/\/\ : - —= 136 kDa
PDE3A2 “300aa e e . 118 kDa
PDE3A3 g 484 aa - : . 94 kDa
i South New ~ New
Lebanon France Turkey USA Japan Africa Canadall Germany Canadal Netherlands | Zealand Il Zealand |
ACC ACC ACC ACC TCG GCC GCC GGT GGT GGT GGT CGT
%ECC AXC A(L,C ECG %‘CC GJ"C %«GT A+T AXT Ai«T Ji'GT
Ta450:1  T445/  TA45N  T445S  S446P  AMATT  Ad4TV G449 G449V G449D G449D R862C
P P /
RRSLPPGLLRRVSSTWTTT T LPTLEPAPVRRDRSTSIKLQE LYNDERISVLE
428 438 445 | 446 | 44 )

"hot spot region"

Figure 1.1. PDE3A gene, protein isoforms, and the location of HNTB-causing
PDE3A mutations (adapted from Ercu et al., 2020, Ercu et al., 2022). aa - amino acid, P -
phosphorylation.

1.2.2 Hypertension without end-organ damage in HTNB patients

HTNB resembles essential hypertension but, surprisingly, does not cause cardiac
and kidney damage (Ercu et al., 2022, Schuster et al., 1996b, Toka et al., 2015). Exam-
ination of five family members with HTNB who were not receiving antihypertensive
treatment showed that they presented with systolic blood pressure in the range of 170-
250 mmHg and diastolic blood pressure in the range of 100-150 mmHg, while the unaf-
fected person had a blood pressure of 120/70 mmHg. The body mass index of the af-
fected individuals did not change. The hearts of all affected individuals were overall
normal; only one person had coronary disease associated with increased levels of low-

density lipoprotein. Stroke volumes in all patients were normal. The patients had no ab-
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dominal abnormalities or edema. The examined HTNB-affected individuals also demon-
strated no changes in the levels of serum electrolytes, renin plasma activity, and urine
excretion of Na*, K*, Ca?*, and phosphate in comparison to unaffected family member.
Only one of the five affected family members had small intrarenal calculi and two had
microalbuminuria. None of the patients had signs of renal artery stenosis. Complete
blood count, sugar levels, and liver function were unaffected in all HTNB individuals.
Thus, the data suggested that despite having extremely high blood pressure, HTNB pa-
tients demonstrated no or very little cardiac and renal damage (Schuster et al., 1996b).

Studies on rat models that recapitulate HTNB also indicated that serum electrolyte
levels, urine levels of albumin, creatinine, urea nitrogen, and fractional excretion of elec-
trolytes remained within the ranges of reference values (Ercu et al., 2020, Ercu et al.,
2022).

These data suggested that despite having hypertension, patients with HTNB and ro-
dent models of HTNB were protected from hypertension-induced end-organ damage.
Considering the current limitations of treatment approaches for hypertension and its
complications, understanding the molecular mechanisms underlying PDE3A-mediated
cardio- and renoprotection may help to develop more precise and effective strategies for

both the prevention and treatment of hypertension and its associated complications.

1.3 Aim of the thesis

The aim of the thesis was to perform a detailed investigation of the effect of PDE3A-
induced hypertension on the heart and kidney using HTNB rat models and, to a limited
extent, data from HTNB patient.

Characterization of the HTNB phenotypes of the heart and kidney will help to gain in-
sight into the molecular mechanisms of PDE3A-mediated protection from hypertension-
induced end-organ damage. This knowledge also could lay the foundation for the de-
velopment of more specific and effective approaches for the treatment of hypertension

and its associated complications.
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2 Methods

2.1 Evaluation of the patient data

An HTNB patient carrying the PDE3A-G449S substitution underwent continuous
monitoring at MVZ Nierenzentrum Limburg (Germany) for at least 5 years. The patient
confirmed participation in the study and publication of the results by written informed
consent. The Ethical Committee of the Charité and local Internal Review Boards ap-
proved the studies (Ercu et al., 2022).

2.2 HTNB rat models

Rats carrying HTNB-causing Pde3a-mutations were generated using CRISPR/Cas9
technology in a close collaboration with AG Bader (Max Delbrtck Center for Molecular
Medicine, MDC). The following animal models were established:

1. Rats with a deletion in exon 4 of the Pde3a gene, which was achieved by the de-
letion of 9 base pairs and led to a loss of amino acid residues 441-443 in the rat PDE3A
protein (amino acid residues 444-446 in human PDE3A) (Ercu et al., 2020). This dele-
tion is analogous to the human HTNB-causing T445del genotype (Renkema et al.,
2018) (PDE3A-A3aa rats).

2. Animals with a single base pair substitution in exon 13 (led to an arginine to cys-
teine substitution at amino acid residue 862, PDE3A-R862C rats) (Ercu et al., 2022).

Heterozygous PDE3A-A3aa and homozygous PDE3A-R862C rats displayed all
HTNB-phenotype features including hypertension, peripheral vessel hyperplasia, and
brachydactyly (Ercu et al., 2020, Ercu et al., 2022).

3. Rats with a deletion of 20 base pairs in the Pde3a gene, which caused a
frameshift and expression of a truncated protein (functional DEL rats). Functional DEL
animals did not display any features of HTNB (Ercu et al., 2020).

Wild-type (WT) Sprague-Dawley rats were used as controls in all the experiments.

2.3 Animal handling

All experiments were performed on 20-30 weeks-old Sprague-Dawley male rats
(450-650 g). Approval for obtaining tissues from adult rats was obtained from the local

authorities: “Tétungsanzeige”, Landesamt fur Gesundheit und Soziales, Berlin, LaGeSo
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(license no. Y 9001/19), MDC (license no. Y 9001/19), and conducted in accordance
with the guidelines of the American Physiological Society (Ercu et al., 2022, Sholokh et
al., 2023).

To investigate the effect of catecholamine stress on the rat heart, animals were treat-
ed with isoproterenol (0.13 mg-kg='-h~') through osmotic minipumps (Alzet 2ML2,
Charles River Wiga, Sulzfeld) for 14 days. Control rats received 0.9 % NaCl (with 0.02
% ascorbic acid) (Ercu et al., 2022).

Animals were sacrificed; kidneys and hearts were removed and immediately placed
on ice. The kidneys’ inner medullas were separated from the residual kidney; the left
ventricles were dissected from the rest of the heart. Inner medullas, residual kidneys,
and heart left ventricles were snap-frozen in liquid nitrogen and stored at -80°C until
further processing unless different is specified.

For the evaluation of urine parameters, animals were placed in metabolic cages and
24-hour urine was collected. Blood was collected from the tail vein. Further analysis of
the serum and urine samples was performed using an AU480 Beckman Coulter chemis-

try analyzer.

2.4 Histological staining and immunofluorescence microscopy

Upon autopsy, rat kidneys and hearts were immediately cut along the coronal and
transverse axes, respectively, fixed in 10 % formalin (at least 24 hours) and embedded
in paraffin (4 °C, overnight). Sections (5 ym) were cut, mounted on microscope slides,
deparaffinized, and further rehydrated by subjecting them to decreasing concentrations

of ethanol (100 - 30 % range). The stainings were performed as described in Table 2.1.

Table 2.1: Protocols for the bright-field and immunofluorescence staining (Ercu et al., 2022,
Sholokh et al., 2023).

Type of stain- Type of imaging Steps and incubations

ing
Hematoxylin & Bright-field Staining: Hematoxylin (Sigma-Aldrich, GHS332), 10
Eosin min

Washing: tap water, 10 min

Differentiation: 0.3 % acidic alcohol

Washing: tap water, 10 min

Staining: Eosin (Sigma-Aldrich, HT110116), 2 min
Dehydration: ethanol, 80, 90, 100 %, isopropanol.
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Type of stain- Type of imaging Steps and incubations

ing

Picro-Sirius Bright-field Staining: Picro-Sirius red (Morphisto, 13422), 60 min

red Washing: 0.005 % vinegar water (2 x 5 min)
Dehydration: ethanol (3 x 100 %)

ED1-positive Immuno- Boiling: 1x citrate buffer*, 20 min

cells fluorescence Blocking of endogenous peroxidases: 3 % H202,15 min

Washing: distilled water, 3x5min

Blocking: 10 % normal donkey serum (NDS), 37 °C, 60
min, humidified chamber

Staining: primary antibody”* in 10 % NDS, 4 °C, over-
night, humidified chamber

Washing: Phosphate-buffered saline (PBS)™, 3 x 5 min
Staining: secondary antibody® in 10 % NDS, DAPI: 2 h
Washing: PBS, 3 x 5 min, humidified chamber

Mounting: VECTASHIELD® Antifade Mounting Medium
with 4, 6-diamidine-2’-phenylindole dihydrochloride
(DAPI)

* 10 mM Sodium citrate, pH 6.0; 0.05 % Tween 20
**137 mM NaCl, 2.7 mM KCI, 1.5 mM KH2PQO4, 8.1 mM, Na2HPO4, pH 7.4
#Anti-ED1, 1:50 (MCA341R, Bio-Rad Laboratories)

#Cy3-conjugated donkey anti-mouse IgG, 1:300 (715-165 Jackson ImmunoResearch Laborato-
ries Inc.)

The last step for Hematoxylin & Eosin and Picro-Sirius red stainings included 30 min
incubation in xylene, followed by mounting with Eukitt (Fluka Analytical, 0001448137).
All steps were performed at room temperature unless otherwise specified.

Tissue sections were imaged using an All-in-One Light/Fluorescence Microscope BZ-
9000 (Keyence) or a Pannoramic MIDI Slide Scanner (3D Histec). At least five non-
overlapping images from each sample were analyzed using Imaged or Case Viewer
software. Bowman’s capsule and glomerular tuft areas, the media-to-lumen ratio of re-
nal and cardiac arteries, percentage of collagen area, number of ED1-positive cells, and
cardiac myocyte area were determined. To calculate the media-to-lumen ratio, the tuni-

ca media area was divided by the luminal area (Ercu et al., 2022, Sholokh et al., 2023).

2.5 Western blotting

To isolate proteins from the kidneys, tissue samples were homogenized using a ro-
tor-stator homogenizer in lysis buffer containing 50 mM Tris-HCI, pH 7.4, 150 mM NacCl,
1 mM Ethylenediaminetetraacetic acid (EDTA), 0.5 % sodium deoxycholate, 0.5 % Tri-
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ton X-100, 0.1 % sodium dodecyl sulfate, and supplemented with 1mM dithiothreitol
(DTT), protease and phosphatase inhibitors (Thermo Fisher Scientific, A32955,
A32957) before beginning the lysis procedure. Tissue lysates were centrifuged at
14,000 rpm for 15 min at 4° C. The supernatant was collected and the protein concen-
tration was determined using the Coomassie Plus Bradford protein assay (Thermo
Fisher Scientific, 1856210) according to the manufacturer’s protocol. The absorbance
was measured using a microplate reader Enspire® 2300 (PerkinElmer). Each Western
blot sample contained 30 ug of protein lysate, Laemmli sample buffer, and lysis buffer to
adjust the sample volume.

Proteins were separated by sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis and subsequently transferred onto a polyvinylidene fluoride (PVDF) membrane. To
prevent non-specific antibody binding, PVDF membranes were incubated in blocking
solutions for 1 hour at room temperature (either 5 % bovine serum albumin or 5 % skim
milk in Tris-buffered saline (TBS: 10 mM Tris-HCI pH 7.4, 150 mM NacCl), followed by
overnight incubation with primary antibodies (the list of primary antibodies, including the
blocking buffers, can be found in Sholokh et al. 2023, in the “Supplemental materials”).
The following day, the membranes were washed with TBS-T (TBS + 0.05 % Tween-20),
3 x 10 min, incubated with secondary antibodies coupled to horseradish peroxidase
(HRP) for 1 hour at room temperature, and washed with TBS-T, 3 x 10 min. To detect
the chemiluminescent signal corresponding to the amount of protein in the samples, the
membranes were incubated with Immobilon® Western chemiluminescent HRP sub-
strate (Millipore, WBKLS0500) and imaged using an Odyssey Imager (LI-COR Biosci-
ences) (Sholokh et al., 2023).

2.6 Reverse transcription quantitative real-time polymerase chain reaction (RT-
qPCR)

The inner medullas and residual kidneys were homogenized using a rotor-stator ho-
mogenizer in lysis buffer obtained from the GeneMATRIX Universal RNA Purification Kit
(EURx Ltd., E3598). RNA was isolated according to the manufacturer's protocol. To
eliminate contamination with genomic DNA, the samples were treated with 1.5 U DNAse
| (Roboclon, E1345) for 15 min. RNA concentration and quality were determined using
NanoDrop ND-1000 (PeglLab Biotechnologie GmbH). All manipulations were performed

at the room temperature. Reverse transcription was performed using the qScript cDNA
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Synthesis Kit (Quantabio, 95047-100) according to the manufacturer’s protocol with 600
ng of total RNA. The obtained cDNA was mixed with DNA primers and Power SYBR™
Green PCR Master Mix (Thermo Fisher Scientific, 4368706).

Primers were designed using the NCBI primer-BLAST tool and spanned exon-exon
junctions. The list of primers is available in Sholokh et al. 2023, in the “Supplemental
materials”. Gene expression levels were determined using the 2-22Ct method and ex-

pressed as fold change relative to the control group (wild-type) (Sholokh et al., 2023).

2.7 RNA sequencing

The inner medullas, residual kidneys, and heart left ventricles were cryopulverized
using a Covaris cryoPREP Dry Pulverizer. The cryopulverized tissue was mixed with
lysis buffer from the GeneMATRIX Universal RNA Purification Kit. Further steps of the
RNA purification process were the same as described in Section 2.6. The RNA concen-
tration was measured using nano-drop and Qubit systems. The RNA integrity number
(RIN) was determined using a high sensitivity RNA bioanalyzer (Agilent, 5067-5581).
Only RNA samples with RIN values > 8 for the kidney and RIN values > 7 for the heart
were used for further experiments.

RNA sequencing libraries were prepared using the TruSeq Stranded mRNA kit (lI-
lumina, 20020595) according to the manufacturer's protocol. Sequencing was per-
formed using a HiSeq 4000 platform (lllumina) in multiplexed dual-indexed mode (1x151
+ 8In + 8In) (Ercu et al., 2022, Sholokh et al., 2023).

Library preparation and sequencing were performed at the Genomics Technology
Platform (MDC, Berlin). The data were analyzed by Daniele Yumi Sunaga-Franze and
Tatiana Borodina (MDC, Berlin); Brandon J McMurray and Philipp G Maass (Genetics
and Genome Biology Program, SickKids Research Institute, Toronto, ON). A detailed
description of the data analysis pipeline can be found in Ercu et al. 2022, in the “Sup-

plemental materials”.

2.8 Enzyme-linked Immunosorbent Assay (ELISA)

Protein lysates from the inner medullas were prepared as described in Section 2.5,
except using a different lysis buffer (10 mM K2HPO4, pH 7.4, 150 mM NaCl, 5 mM
EDTA, 5 mM ethylene glycol tetraacetic acid, 1 % Triton X-100, 0.2 % sodium deoxy-

cholate, supplemented with fresh 1 mM DTT, protease and phosphatase inhibitors).
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Blood was collected from the tail vein and serum was separated from the blood and
stored at -20 °C. ELISA was performed using the Rat AR (Amphiregulin) ELISA Kit
(FineTest, ER0745) according to the manufacturer’s protocol (Sholokh et al., 2023).

2.9 Cell transfection and immunoprecipitation

Human embryonic kidney 293 (HEK293) cells were cultured in Dulbecco's Modified Ea-
gle Medium (DMEM)-GlutaMAX™ supplemented with 10 % fetal calf serum and 1 %
penicillin/streptomycin. For the experiments, 2x10% HEK293 cells were seeded on 10 cm
plates. After 24 hours of culturing, cells were co-transfected with 3 ug of HA-PDE3A1
and 3 pg of FLAG-SERCA wild-type, FLAG-SERCA-S663A or FLAG-SERCA-S663D
construct (all constructs were cloned by Carolin Schachterle, AG Klussmann, MDC).
Transfection was performed in antibiotic-free media, which was changed back to the
culturing media 5 hours after transfection. The following day, cells underwent 30 min
stimulation with epidermal growth factor (EGF), diluted in the culture media (100
ng/mL). The control cells did not receive any stimulation agent. After the incubation,
cells were washed with ice-cold PBS, scraped in lysis buffer (described in Section 2.8),
transferred to the reaction tube, lysed by passing through a syringe (20 G x 1.5” nee-
dle), and subjected to the lysis procedure described in Section 2.5.

For the immunoprecipitation of FLAG-SERCA, 600 ug of protein lysate was mixed with
15 pl of Anti-FLAG® M2 Magnetic Beads (Sigma-Aldrich, M8823). The total volume of
the mix was adjusted to 1 mL by adding the corresponding amount of lysis buffer. Ly-
sate with beads was incubated for 18 hours at 4 °C under constant agitation. The beads
suspension was washed with lysis buffer (4 times) and the elution was performed with
the FLAG® peptide (Sigma-Aldrich, SLCJ5577), 15 min, 37 °C, 1,000 rpm. The eluate
was mixed with Laemmli sample buffer and subjected to the Western blot procedure as
described in Section 2.5. PDE3A was detected with anti-HA-HRP antibody (GENETEX,
115044-01), 1:10,000 in 5 % milk; SECA2A with SERCA2 ATPase Monoclonal Antibody
(Thermo Fisher Scientific, MA3-919), 1:2,000 in 5 % milk.

2.10 Other methods

Isolation and measurement of Vasa recta contractility were performed by Minze Xu
from the group of Andreas Patzak (Charité - Universitatsmedizin Berlin) and described

in Sholokh et al. 2023, in the “Supplemental materials”.
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Radioimmunoassays for evaluation of cCAMP and cGMP tissue levels were performed
by Michael Russwurm (Institut fir Pharmakologie und Toxikologie, Bochum) and de-

scribed in Brooker et al., 1979.

2.11 Statistical analysis

Statistical analysis of all experiments, except for Vasa recta contractility measure-
ments and RNA sequencing, was carried out using GraphPad Prism 9.1.0. In the first
step, data distribution was evaluated using the Shapiro-Wilk test. Data sets with a nor-
mal distribution (P Shapiro-Wilk > 0.05) were analyzed using one-way analysis of vari-
ance (ANOVA) with the Tukey multiple-comparisons test, while data sets with non-
normal distribution underwent Kruskal-Wallis with Dunn multiple-comparisons test. Data
sets comprising only two groups were analyzed using the unpaired t-test (normal distri-
bution) or the Mann-Whitney test (non-normal distribution). Data sets obtained from the
experiments with isoproterenol/NaCl treatment were evaluated using two-way ANOVA
with the Tukey multiple-comparisons test.

Data are presented as means with a standard error of the mean (SEM). The differ-
ences between groups were considered to be significant if the P value was < 0.05. Out-

liers were removed using the ROUT method (Q = 1%).
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3 Results

3.1 Clinical examination of HTNB patient: almost no heart and kidney damage

HTNB is a rare disease and the ability to obtain data from patients with HTNB is lim-
ited. We collaborated with Dr. Walter, MVZ Nierenzentrum Limburg (Germany), who has
been engaged in the treatment of an HTNB patient for more than five years. Dr. Walter
provided the results of a 16-hour blood pressure measurement, echocardiography, ul-
trasound investigation of the heart and kidney, and data from blood and urine analyses.

The 60-years-old HTNB patient, despite receiving an antihypertensive treatment, still
demonstrated an increased mean blood pressure of 160/102 mmHg (Ercu et al., 2022).
Echocardiography showed almost no signs of cardiac damage, no left ventricular hyper-
trophy (septal wall thickness, 8 mm; posterior, 10 mm), preserved ejection fraction (56
%), and no pathological changes in the right ventricle and aortic valve. However, the left
ventricular end-diastolic diameter was slightly increased (61 mm). A detailed description
of the morphology of HTNB patient’s heart can be found at Ercu et al., 2022.

Ultrasound examination of the kidneys of HTNB patient showed that their morphology
was not affected despite severe hypertension. The right kidney was 9.82 cm (ex-
pected:0.028 x 158 cm height + 5.202 cm = 9.626 cm), and the left kidney was 7.7 cm
(expected:0.038 x 158 cm height + 3.948 cm = 9.952 cm) (Abdullah MB, 2014, Sholokh
et al., 2023). These values were lower than expected in unaffected individuals. This
might be explained by the fact that patients with HTNB are shorter and have lower body
weight (Schuster et al., 1996b).

The five-year long-term monitoring of kidney function revealed that the eGFR and se-
rum creatinine levels of the HTNB patient remained within the ranges of reference val-
ues for most of the monitoring period (Figure 3.1, A). Urine analysis showed no signs of
albuminuria, erythrocytes, and normal levels of Na* and K* (Figure 3.1, B). In the serum,
electrolyte levels remained within or slightly deviated from the reference ranges (Figure
3.1, C). Renin levels were suppressed, which is most likely the result of antihyperten-
sive treatment, whereas aldosterone levels were not altered (Sholokh et al., 2023).
Therefore, HTNB, under intensive antihypertensive treatment, had almost no effect on

heart and kidney morphology and function.
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Figure 3.1. Blood and urine parameters of an HNTB patient are not changed.
A. eGFR and serum creatinine levels. B. Urine electrolytes. C. Serum electrolytes. Dashed lines

indicate the ranges of reference values (own figure, modified according to Sholokh et al., 2023).

3.2 HTNB rats are protected from hypertension-induced kidney damage

3.2.1 HTNB affected kidney vessels but not kidney morphology

In response to elevated blood pressure, kidneys develop a protective mechanism
that includes an increase in vessel wall thickness and a decrease in the luminal diame-
ter to reduce vascular wall stress (Mennuni et al., 2014). However, in the long term, this
leads to ischemic injury of the surrounding tissue and promotes kidney injury. HTNB
patients exhibited hyperplasia of the peripheral arteries (Bahring et al., 2008). HTNB
rats also showed an increased media-to-lumen ratio in second-order mesenteric arteries
(Ercu et al., 2020, Ercu et al., 2022), but not in the aorta (Figure 3.2, A). In the kidneys
of PDE3A-A3aa and PDE3A-R862C animals, the media-to-lumen ratios of the re-

sistance arteries were higher than those of the wild-type (Figure 3.2, B). Surprisingly,
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the contractility of isolated Vasa recta was not significantly different between PDE3A-
A3aa, functional DEL and wild-type rats (Figure 3.2, C). In the second-order mesenteric
arteries of PDE3A-A3aa rats, vasodilation was compromised (Ercu et al., 2020). Thus,
the renal vessel function was apparently unaffected in the HTNB model. The unchanged

contractility of functional DEL was consistent with reduced blood pressure.

A WT A3aa R862C Func. DEL

Media-to-lumen ratio

Jp— 500um

Func. DEL

Media-to-lumen ratio

-k- A3aa

Luminal diameter, %

T T T T T T T T T T T T T 0 T T T T T T T
Con PE 0.001 0.01 0.1 1 10 Con 0.001 0.01 0.1 1 10 Con PE 0.001 0.01 0.1 1 10
Forskolin, uM Forskolin, uM Forskolin, pM

Figure 3.2. Only renal resistance arteries are affected in HTNB rat models. Media-
to-lumen ratio of the aorta (A) and renal resistance arteries (B). For aorta WT, n = 5; PDE3A-
A3aa, n = 4; PDE3A-R862C, n = 7; Func. DEL, n = 4. Statistical analysis: one-way ANOVA and
Tukey multiple-comparisons test. For renal resistance arteries WT, n = 5; PDE3A-A3aa, n = 5;
PDE3A-R862C, n = 3; Func. DEL, n = 5. Statistical analysis: Kruskal-Wallis and Dunn multiple-
comparisons test; **P<0.01; ***P<0.001, ****P<0.0001. C. Contractility of isolated Vasa recta.
WT, n = 5; PDE3A-A3aa, n = 6; Func. DEL, n = 3. Statistical analysis: non-parametric Brunner
test, no significant differences. Data shown are mean + SEM. Vasa recta isolation and contrac-
tility measurements were performed by Minze Xu (Charité — Universitatsmedizin Berlin) (own

figure, modified according to Sholokh et al., 2023).

Rats with HTNB were lighter than wild-type animals (Ercu et al., 2022, Ercu et al.,
2020). However, their kidney-to-body weight ratios were not different from those of wild-
type animals (Figure 3.3, A). PDE3A-A3aa and PDE3A-R862C rats displayed no
change in kidney morphology. The Bowman’s capsule and glomerular tuft areas were
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not altered (Figure 3.3, C, D). The evaluation of creatinine clearance, 24-hours excre-
tion levels of Na* K* and CI- showed no difference between HTNB and wild-type rats
(Figure 3.3, E). There was no albuminuria. Serum electrolyte levels were also not signif-
icantly different from those in wild-type animals (Ercu et al., 2020, Ercu et al., 2022).
MRNA expression of renin was downregulated in PDE3A-A3aa rats, unchanged in
PDE3A-R862C animals, and upregulated in the functional DEL group, all compared to
the wild-type rats (Figure 3.3, B). This was in line with previous data, showing trends of
decreasing renin levels in the blood of PDE3A-A3aa rats and increasing in functional
DEL animals (Ercu et al., 2020).

The kidney encompasses several dozens of different cell types (Schumacher et al.,
2021). Within the kidney, the inner medulla has a notably lower blood supply and oxy-
gen levels, rendering it more susceptible to injury caused by hypertension compared to
the rest of the kidney (Edwards and Kurtcuoglu, 2022). Therefore, in further experi-

ments, the inner medulla and residual kidney were investigated separately.
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Figure 3.3. Kidneys from HTNB rats do not show obvious signs of hypertension-
induced damage. A. Kidney-to-body weight ratio. WT, n = 17; PDE3A-A3aa, n = 13; PDE3A-
R862C, n = 20; Func. DEL, n = 11. Statistical analysis: one-way ANOVA and Tukey multiple-
comparisons test, no significant differences. B. mMRNA expression levels of renin in the kidney.
WT, n = 7; PDE3A-A3aa, n = 11; PDE3A-R862C, n = 3; Func. DEL, n = 7. Statistical analysis:
Kruskal-Wallis and Dunn multiple-comparisons tests. *P<0.05; ***P<0.001. C, D. Hematoxylin
and eosin staining for determining the areas of Bowman’s capsule and glomerular tuft. WT, n =
5; PDE3A-A3aa, n = 5; PDE3A-R862C, n = 3; Func. DEL, n = 5. Statistical analysis: Kruskal-
Wallis and Dunn multiple-comparisons tests, no significant differences. E. Analysis of the urine
samples collected during 24 hours. WT, n = 9; PDE3A-A3aa, n = 10; PDE3A-R862C, n = 4;
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Func. DEL, n = 6. Statistical analysis: one-way ANOVA and Tukey multiple-comparisons test or
Kruskal-Wallis and Dunn multiple-comparisons tests, no significant differences. Data shown are

mean + SEM ( own figure, modified according to Sholokh et al., 2023).

PDES3A protein expression was downregulated in the inner medulla and residual kid-
ney of both HTNB rat models (Figure 3.4, A). Similar downregulation was observed in
the heart and aorta. Mutant PDE3A is hyperactive (Ercu et al., 2020, Ercu et al., 2022).
Therefore, the decrease of PDE3A expression likely acted as a compensatory mecha-
nism, elucidating why the cAMP levels in the kidneys of HTNB rats did not significantly
differ from those in wild-type animals. cGMP levels were not affected in the inner medul-
la and residual kidney of HTNB rats (Figure 3.4, B). As expected, no PDE3A expression
was detected in the kidneys of functional DEL animals. The lack of PDE3A did not affect

global cAMP levels in the inner medulla or residual kidney (Figure 3.4, A).
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Figure 3.4. Mutant PDE3A is downregulated in the kidney, but the cAMP and

cGMP levels are not affected. A. Western blot detection of PDE3A protein expression in
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the inner medulla and residual kidney. WT, n = 14; PDE3A-A3aa, n = 14; PDE3A-R862C, n = 6;
Func. DEL, n = 11. Statistical analysis: Kruskal-Wallis and Dunn multiple-comparisons tests; **P
< 0.01, P < 0.001, and ***P < 0.0001. B. Tissue levels of cAMP and cGMP in the inner me-
dulla and residual kidney. WT, n = 6; PDE3A-A3aa, n = 6; PDE3A-R862C, n = 3; Func. DEL,
n = 6. Statistical analysis: Kruskal-Wallis and Dunn multiple-comparisons test, no significant
differences. Data shown are mean + SEM. cAMP and cGMP measurements were performed by
Michael Russwurm (Institut fir Pharmakologie und Toxikologie, Bochum). HSP60 - Heat shock

protein 60 (own figure, modified according to Sholokh et al., 2023).

Collectively, these data showed that hypertension-causing Pde3a mutations affected

renal vessels, but did not have a noticeable effect on kidney structure or function.

3.2.2 Mutant PDE3A is not associated with inflammation and fibrosis in rat kid-
neys upon HTNB

Inflammation and fibrosis are typical hallmarks of hypertension-induced kidney dam-
age, leading to CKD development (Sholokh and Klussmann, 2021, Son et al., 2021).
Investigation of the mRNA expression of genes associated with kidney inflammation,
such as tumor necrosis factor-a (TNF-a), C-C motif chemokine 2 (CCL2), C-C maotif
chemokine 5 (CCL5), and vascular cell adhesion protein 1 (VCAM1), showed no differ-
ences between HTNB and wild-type rats in the inner medulla (Figure 3.5, A). A similar
analysis in the residual kidney revealed only an increase in TNF-a mRNA in PDE3A-
R862C animals compared to that in wild-type and PDE3A-A3aa rats (Figure 3.5, B).
Immunofluorescence staining with the pan-macrophage marker ED1 did not reveal any
differences in the number of tissue macrophages between the groups (Figure 3.5, C).

The mRNA levels of the classical markers of kidney fibrosis, fibronectin, TGF-B1, and
smooth muscle actin alpha 2 (ACTAZ2), were similar in the inner medulla (Figure 3.6, A)
and residual kidneys (Figure 3.6, B) in all animal groups. Tissue collagen staining did
not reveal signs of extracellular matrix molecule accumulation in any genotype, except
for a subtle increase in the percentage of collagen area in the inner medulla of function-
al DEL rats (Figure 3.6, C). No change in ACTAZ2 expression was observed at the pro-
tein level, confirming the RT-qPCR results (Figure 3.6, D).
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Figure 3.5. HTNB is not associated with inflammation in kidneys of rat models.

MRNA expression of inflammation markers in the inner medulla (A) and residual kidney (B). For
the inner medulla WT, n = 7; PDE3A-A3aa, n = 6; PDE3A-R862C, n = 6; Func. DEL, n = 8. For
the residual kidney WT, n = 11; PDE3A-A3aa, n = 11; PDE3A-R862C, n = 8; Func. DEL, n=7.

Statistical analysis: one-way ANOVA and Tukey multiple-comparisons test or Kruskal-Wallis

and Dunn multiple-comparisons test; *P <0.05, ***P <0.001. C. Immunofluorescence staining for
ED1-positive macrophages. WT, n = 5; PDE3A-A3aa, n = 5; PDE3A-R862C, n = 3; Func. DEL,

n = 5. Statistical analysis: Kruskal-Wallis and Dunn multiple-comparisons test, no significant

differences. Data shown are mean + SEM (own figure, modified according to Sholokh et al.,
2023).
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Figure 3.6. HTNB is not associated with tissue fibrosis in kidneys of rat models.

MRNA expression of fibrosis markers in the inner medulla (A) and residual kidney (B). For the
inner medulla WT, n = 7; PDE3A-A3aa, n = 6; PDE3A-R862C, n = 6; Func. DEL, n = 8. For the
residual kidney WT, n = 11; PDE3A-A3aa, n = 11; PDE3A-R862C, n = 8; Func. DEL, n = 7. Sta-

tistical analysis: one-way ANOVA and Tukey multiple-comparisons test or Kruskal-Wallis and

Dunn multiple-comparisons test, no significant differences. C. Picro-Sirius red staining of colla-
gen fibers in the kidney. WT, n = 5; PDE3A-A3aa, n = 5; PDE3A-R862C, n = 3; Func. DEL, n =
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5. Statistical analysis: Kruskal-Wallis and Dunn multiple-comparisons test; *P <0.05. D. Western
blot detection of ACTA2 expression in the inner medulla and residual kidney. n = 3 per geno-
type. Statistical analysis: one-way ANOVA and Tukey multiple-comparisons test, no significant
differences. Data shown are mean + SEM (own figure, modified according to Sholokh et al.,
2023).

Thus, mutant PDE3A protects kidneys from hypertension-induced damage, which is

usually evident in CKD.

3.2.3 AREG is downregulated in kidneys of HTNB rats

To investigate the mechanisms of PDE3A-mediated renoprotection on the molecular
levels, mRNA sequencing of the inner medulla and residual kidney of PDE3A-A3aa and
wild-type rats and the residual kidney of functional DEL animals was performed. The
expression of only 83 genes (41 upregulated and 42 downregulated) was affected in the
inner medulla and 11 genes (8 upregulated and 3 downregulated) in the residual kidney
of PDE3A-A3aa rats compared to the wild-type. (Figure 3.7, A, C). In the residual kidney
of functional DEL animals, the expression of 123 genes (82 upregulated and 41 down-
regulated) was affected compared to that in the wild-type. Gene ontology (GO) analysis
did not reveal any distinct gene clusters related to the kidney damage or stress re-
sponses in PDE3A-A3aa rats (Figure 3.7, B). PDE3A is a component of cAMP signal-
ling pathways (Ercu and Klussmann, 2018). However, there were no significant altera-
tions in the mMRNA expression levels of CAMP signalling pathway elements, such as
stimulatory G protein, Gs (also other G proteins), adenylyl cyclases (AC), protein kinase
A (PKA) catalytic (cat), regulatory (R) subunits, various PDEs, and A-kinase anchoring
proteins in the inner medulla and residual kidney of PDE3A-A3aa and residual kidney of
functional DEL rats compared to the wild-type (Figure 3.7, D). The only exception was
the decrease in Pde3a expression in PDE3A-A3aa rats, which corresponded to the
Western blotting results shown above (Figure 3.4, A). The residual expression of Pde3a
in functional DEL rats could be explained by the presence of truncated mRNA mole-

cules.
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Figure 3.7. RNA sequencing of kidneys from WT, PDE3A-A3aa, and Func. DEL
rats. A. Venn diagram with the number of differentially expressed genes in the inner medulla
and residual kidney. WT, n = 3; PDE3A-A3aa, n = 3; Func. DEL, n = 3. B. GO analysis of the
RNA sequencing data. C. Volcano plots depict the distribution of genes that are differentially
expressed, with a false discovery rate threshold of 0.1 and a log2 fold change threshold of 1. D.
Heatmaps representing the expression of cAMP signalling pathway components **P <0.01,

***P <0.0001. RNA sequencing was performed in collaboration with the Genomics Technology
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Platform of the MDC, Berlin. Data was analyzed by Daniele Yumi Sunaga-Franze, Tatiana Bo-

rodina, Brandon J McMurray, and Philipp G Maass (own figure, modified according to Sholokh

et al.

, 2023).

Analysis of the protein expression of cAMP signalling pathway components con-

firmed the RNA sequencing results (Figure 3.8). Only an increase in S133 phosphoryla-

tion of cAMP response element-binding protein (CREB) was detected in the inner me-

dulla of PDE3A-A3aa rats compared to wild-type rats.
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Figure 3.8. The expression levels of cCAMP signalling pathway proteins are not
affected in HTNB rats. WT, n = 12; PDE3A-A3aa, n = 9; PDE3A-R862C, n = 6; Func. DEL, n
= 8. Statistical analysis: one-way ANOVA and Tukey multiple-comparisons test or Kruskal-

Walllis and Dunn multiple-comparisons test; *P <0.05, **P <0.01, ****P <0.0001. Data shown are
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mean * SEM. GAPDH - Glyceraldehyde 3-phosphate dehydrogenase (own figure, modified
according to Sholokh et al., 2023).

Further analysis of RNA sequencing data showed no changes in the mRNA levels of
major inflammation and fibrosis markers (Figure 3.9, A), confirming the results of RT-
gPCR experiments (Figures 3.5 A, B and 3.6, A, B). Only an increase in Areg expres-
sion was observed in PDE3A-A3aa and functional DEL rat kidneys. AREG induces the
expression of pro-inflammatory and pro-fibrotic cytokines and promotes CKD progres-
sion (Kefaloyianni et al., 2016). In contrast, siRNA knockdown of AREG prevented CKD
development in the two mouse models (Son et al., 2021). Despite the increase in Areg
MRNA expression, its protein level was not affected in the residual kidney and de-
creased in the inner medulla of PDE3A-A3aa rats compared to wild-type animals (Fig-
ure 3.9, B). The decrease in AREG protein expression in the inner medulla was con-
firmed by ELISA (Figure 3.9, C). In serum, AREG levels exhibited greater variability
within the PDE3A-A3aa group compared to the functional DEL or wild-type animals,
although these differences did not become statistically significant (Figure 3.9, C). Thus,
it appears that a negative feedback mechanism operates, which overcompensates for

elevated mRNA expression by decreasing the AREG protein level in the inner medulla.
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PDE3A-A3aa rats. A. Heatmap representing the expression of selected inflammation and
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fibrosis markers (extracted from RNA sequencing). B. Western blot detection of AREG expres-
sion in the inner medulla and residual kidney. n = 6 per genotype. Statistical analysis: t-test; *P
<0.05. C. AREG levels in the inner medulla and serum determined by ELISA. N = 6 per geno-
type. Statistical analysis: Mann-Whitney test for the inner medulla; one-way ANOVA and Tukey
multiple-comparisons test for the serum samples. **P <0.01. Data shown are mean = SEM (own

figure, modified according to Sholokh et al., 2023).

AREG is an agonist of the epidermal growth factor receptor (EGFR) (Harskamp et
al., 2016). Activation of EGFR leads to the phosphorylation of downstream kinases such
as extracellular signal-regulated kinases 1/2 (ERK1/2) and Akt (Harskamp et al., 2016).
However, the phosphorylation levels of these kinases were not affected in the inner me-
dulla and residual kidneys of PDE3A-A3aa rats (Figure 3.10).
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Figure 3.10. The phosphorylation levels of downstream kinases in the EGFR sig-

nalling pathway are unchanged in HTNB rats. n = 6 for all genotypes. Statistical analy-
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sis: one-way ANOVA and Tukey multiple-comparisons test, no significant differences. Data

shown are mean + SEM (own figure, modified according to Sholokh et al., 2023).

In summary, the low AREG protein level most likely explains the lack of increase in
fibrosis markers expression and prevents aberrant EGFR signalling in the kidneys of
PDE3A-A3aa animals. This finding suggests that AREG contributes to PDE3A-mediated

renoprotection.

3.3 HTNB rats are protected from hypertension-induced cardiac damage
3.3.1 HTNB affected cardiac vessels but not heart morphology

Cardiac hypertrophy and fibrosis are common complications of hypertension
(Gonzalez et al., 2018). However, histological analysis showed that the area of cardiac
myocytes of HTNB rats was comparable to that of wild-type rats, suggesting the ab-
sence of cardiac hypertrophy in HTNB animals. Picro-Sirius red staining, utilized to de-
tect collagen fiber deposition, revealed no significant differences among the investigated
phenotypes, indicating the absence of tissue fibrosis in HTNB rats. In line with previous
findings in second-order mesenteric arteries (Ercu et al., 2020) and kidney resistance
arteries (Sholokh et al., 2023), the media-to-lumen ratio of cardiac arteries of PDE3A-
A3aa and PDE3A-R862C rats was increased compared to wild-type rats. In the func-
tional DEL animals, the vessels remained unaffected, most likely due to their low blood
pressure (Figure 3.11).

Investigation of the transcriptome of the left ventricles from PDE3A-A3aa and wild-
type rats revealed minimal differences between the two genotypes, similar to the find-
ings observed in the kidney. The mRNA expression of only 165 genes was affected in
PDE3A-A3aa rats compared to wild-type, with 67 genes being upregulated and 98
genes being downregulated. The majority of these genes encode proteins responsible
for protein folding, recognition of misfolded proteins, and positive regulation of cardiac

muscle contraction (Figure 3.12).
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Figure 3.11. Hearts from HTNB rats do not show obvious signs of hypertension-
induced damage. Picro-Sirius red, hematoxylin and eosin stainings. WT, n = 5; PDE3A-A3aa,
n = 5; PDE3A-R862C, n = 3; Func. DEL, n = 5. Statistical analysis was performed using a Krus-
kal-Wallis and Dunn multiple-comparisons test; *P<0.05, **P<0.01, ****P<0.0001. Data shown
are mean + SEM (own figure, modified according to Ercu et al., 2022).

These results suggest that the hearts of HTNB rats were protected from hyperten-
sion-induced cardiac damage. Thus, the effects of PDE3A mutation extend beyond the
kidney and may be defined as protection from hypertension-induced end-organ dam-
age.
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Figure 3.12. RNA sequencing of hearts from untreated WT and PDE3A-A3aa rats.

A. Volcano plots depict the distribution of genes that are differentially expressed. False discov-
ery rate threshold is 0.1 and a log2 fold change threshold is 1. B. GO analysis of the RNA se-
quencing data. WT, n = 3; PDE3A-A3aa, n = 4. RNA sequencing was performed in collaboration
with the Genomics Technology Platform of the MDC, Berlin. Data was analyzed by Daniele Yu-
mi Sunaga-Franze, Tatiana Borodina, Brandon J McMurray, and Philipp G Maass (own figure,

modified according to Ercu et al., 2022).

3.3.2 Isoproterenol induced cardiac damage in HTNB rats to the same degree as
in WT

Hearts from HTNB rats showed no obvious signs of hypertension-induced cardiac
damage. To investigate whether this cardioprotective effect would persist under addi-
tional stress conditions, the animals were subjected to two weeks of isoproterenol
treatment. Isoproterenol is a B-adrenoreceptor agonist that increases heart rate, lowers
blood pressure, and induces cardiac hypertrophy and damage in animal models
(Leenen et al., 2001, Ozakca et al., 2013, Ercu et al., 2022).

Isoproterenol treatment induced an increase in heart rate and a decrease in blood
pressure across all four investigated genotypes. Moreover, the wild-type and functional
DEL animals after two weeks of receiving isoproterenol demonstrated an augmentation

of the left ventricular mass and heart weight-to-body weight ratio compared with the val-
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ues before the beginning of isoproterenol treatment. In contrast, both HTNB rat models
exhibited only a tendency towards an increase in these parameters, but the differences
between the values before and after two weeks of isoproterenol treatment did not reach
statistical significance. Moreover, HTNB mutants exhibited increased fractional shorten-
ing, PDE3A-A3aa rats demonstrated an increased cardiac output, and PDE3A-R862C
rats had increased ejection fraction (Ercu et al., 2022).

Histological analysis of the hearts revealed that isoproterenol treatment induced an
increase in the cardiac myocyte area in all examined genotypes compared to the re-
spective animal groups treated with NaCl. As expected, isoproterenol treatment did not
affect the wall thickness of the resistance arteries in rat hearts. The percentage of colla-
gen-positive area was significantly increased in the wild-type, PDE3A-R862C, and func-
tional DEL groups compared to that in rats treated with NaCl. A similar trend was ob-
served in PDE3A-A3aa isoproterenol-treated rats. The overall levels of damage caused
by isoproterenol were comparable among all genotypes. Notably, no significant differ-
ences were observed neither in the area of the cardiac myocytes, nor in the percentage
of collagen-positive area when comparing wild-type and the other genotypes treated
with isoproterenol, except for a higher percentage of collagen-positive area in PDE3A-
R862C compared to the wild-type (Figure 3.13).
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Figure 3.13. Isoproterenol-induced cardiac damage in HTNB animals is similar to
that of WT. Picro-Sirius red staining. WT NaCl, n = 6; WT Iso, n = 4; PDE3A-A3aa NaCl, n =
6; PDE3A-A3aa Iso, n = 5; PDE3A-R862C NaCl, n = 4; PDE3A-R862C Iso, n = 4; Func. DEL
NaCl, n = 4; Func. DEL Iso, n = 4. Statistical analysis: 2-way ANOVA with the Tukey multiple-
comparisons test.; *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. Data shown are mean + SEM.

Iso-isoproterenol (own figure, modified according to Subramaniam et al., 2023)

RNA sequencing of the hearts of rats subjected to isoproterenol or NaCl treatment
revealed a more pronounced impact of isoproterenol-induced cardiac stress on func-
tional DEL animals than on PDE3A-A3aa rats. Isoproterenol treatment affected the ex-
pression of 1769 genes in functional DEL animals (465 were upregulated and 1304
were downregulated) and only 25 genes in PDE3A-A3aa rats (22 were upregulated and

3 were downregulated) compared to NaCl-treated rats of the same genotype. GO anal-
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ysis of the isoproterenol-treated samples from PDE3A-A3aa revealed significant en-

richment of genes involved in protein and Ca?* regulation (Figure 3.14).
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Figure 3.14. RNA sequencing of hearts from WT, PDE3A-A3aa rats, and Func DEL
rats treated with NaCl or Isoproterenol. A. Volcano plots depict the distribution of genes
that are differentially expressed. False discovery rate threshold is 0.1 and a log2 fold change
threshold is 1. B. GO analysis of the RNA sequencing data. WT NaCl, n = 3; WT Iso, n = 2;
PDE3A-A3aa NaCl, n = 2; PDE3A-A3aa Iso, n = 3; Func. DEL NaCl, n = 2; Func. DEL Iso, n =

2. RNA sequencing was performed in collaboration with the Genomics Technology Platform of
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the MDC, Berlin. Data was analyzed by Daniele Yumi Sunaga-Franze, Tatiana Borodina, Bran-

don J McMurray, and Philipp G Maass (own figure, modified according to Ercu et al., 2022).

These data suggest that despite preexisting hypertension in combination with cate-
cholamine-induced stress, the hearts of HTNB rats exhibited similar levels of cardiac
damage compared to wild-type rats. In contrast, functional DEL rats appeared to be
more susceptible to isoproterenol-induced cardiac damage than wild-type ones. There-
fore, mutant PDE3A not only protects the heart from hypertension-induced cardiac
damage but also helps to mitigate the development of cardiac damage caused by addi-

tional factors.
3.3.3 SERCA2A-SER663 is involved in PDE3A1-SERCAZ2A interaction

In cardiac myocytes, PDE3A1 is part of the protein complex responsible for Ca?*
reuptake from the cytosol to the SR during diastole (Ahmad et al., 2015). This complex
is anchored to the SR via A-kinase anchoring protein 185 (AKAP18d) and comprises
SERCA2A, phospholamban (PLN), PKA, PDE3A1, and Ca?*/calmodulin-dependent pro-
tein kinase Il (CaMKIIl) (Ahmad et al., 2015, Carlson et al., 2022).

PDE3A1 interacts with SERCA2A in the above-mentioned complex and inhibits SER-
CAZ2A activity (Skogestad et al., 2023). Peptide spot analysis performed in the group of
Dr. Klussmann (MDC) suggested that Ser663 of SERCA2A may be involved in the
PDE3A1-SERCA2A interaction. To test this hypothesis, HEK293 cells were co-
transfected to transiently express HA-PDE3A1 and different FLAG-SERCA2A con-
structs: SERCA2A-WT, SERCA2A-S663A (to prevent phosphorylation), or SERCA2A-
S663D (to mimic phosphorylation). No changes were observed in the interactions be-
tween the two proteins under resting conditions. SERCA2A-Ser663 is a potential site for
mitogen-activated protein kinases (MAPK) phosphorylation, which can be induced by
stimulation with EGF (Huang et al., 2016). Indeed, there was a tendency for increased
interaction between PDE3A1 and SERCA2A-WT and a significant increase in the inter-
action between SERCA2A-S663D-PDE3A1 upon EGF stimulation, indicating that
Ser663 plays a role in this interaction. However, the EGF-mediated increase of this in-

teraction most likely involves not only Ser663.
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Figure 3.15. SERCA2A-Ser663 is involved in the interaction between SERCA2A
and PDE3A1. HA-PDE3A1 and FLAG-SERCAZ2A were transiently expressed in HEK293 cells.
FLAG-SERCA2A was immunoprecipitated from cell lysate and co-precipitation of HA-PDE3A1
was detected. n = 4. Statistical analysis: 2-way ANOVA with the Tukey multiple-comparisons

test.; *P<0.05. Data shown are mean + SEM.
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4 Discussion

4.1 Renoprotection mediated by mutant PDE3A

In HTNB, hypertension arises from compromised resistance arteries and VSMCs ex-
hibit an increased proliferation rate. This leads to an elevated media-to-lumen ratio and
impaired vessel contractility (Ercu et al., 2020, Ercu et al., 2022). The aorta and third-
order mesenteric arteries of PDE3A-A3aa rats displayed reduced relaxation in response
to the cAMP-elevating agent forskolin (Ercu et al., 2020). Resistance arteries in the kid-
ney and heart were also affected in HTNB rats and exhibited an increased media-to-
lumen ratio compared to wild-types (Figure 3.2.B). However, in the kidneys of PDE3A-
A3aa rats, the hyperplasia of renal arteries did not affect Vasa recta contractility (Figure
3.2.C). These observations suggest that hypertension may not always cause kidney
damage and vice versa, and explain why lowering of the blood pressure alone may not
be sufficient to prevent hypertension-induced kidney damage.

Serum and urine parameters in the examined HTNB patient and two HTNB rat mod-
els were unaffected (Figures 3.1, 3.3 E). This recapitulated the situation in HTNB mice
with transgenic overexpression of the HTNB-causing PDE3A-T445N version in VSMCs
(Ercu et al., 2020, Ercu et al., 2022, Maass et al., 2015) and in 6 affected persons in
kindred with HTNB caused by PDE3A-T445N substitution (Schuster et al., 1996a,
Schuster et al., 1996b, Maass et al., 2015). Single-cell RNA sequencing of mouse kid-
neys revealed the highest PDE3A expression in interstitial cells, moderate expression in
podocytes and endothelial cells (mainly in descending Vasa recta), and lower expres-
sion in various tubular cells (Hinze et al., 2022). This expression pattern along with the
consistent levels of electrolytes in both serum and urine in HTNB, suggests that the mu-
tations of PDE3A did not have a noticeable impact on tubular cells or the filtration pro-

cesses within the nephron.

4.2 Potential role of AREG in PDE3A-mediated renoprotection

Hypertension is typically associated with inflammation and fibrotic damage (Sholokh
and Klussmann, 2021). The kidneys of HTNB rats demonstrated no detectable inflam-
mation or tissue fibrosis (Figures 3.5, 3.6). Moreover, Areg expression was downregu-
lated in the inner medulla of PDE3A-A3aa rats (Figure 3.9 B, C). AREG promotes injury-
induced fibrosis (Kefaloyianni et al., 2019) and glomerulonephritis (Melderis et al., 2020)
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by stimulating fibroblast proliferation and differentiation into myofibroblasts (Son et al.,
2021). Patients with acute kidney injury or CKD displayed increased levels of AREG in
urine and fibrosis markers in kidney biopsies (Kefaloyianni et al., 2016). In contrast,
siRNA knockdown prevented the development of CKD in mice with unilateral ureteral
obstruction (UUO) and if induced by an adenine diet (Son et al., 2021). Consistent with
the normal serum levels of AREG in PDE3A-A3aa rats (Figure 3.9, C), ERK and Akt
signalling downstream of the AREG receptor, EGFR, were unchanged in the kidney
(Figure 3.10).

It is unknown how PDE3A controls Areg transcription and protein abundance. PGE->
stimulation of the cAMP pathway activated AREG transcription in human colorectal car-
cinoma cells (Shao et al., 2003). In PDE3A-A3aa rat kidneys, Areg mRNA was upregu-
lated and cAMP levels remained unchanged. Thus, Areg transcription appears to be
independent of global cAMP elevation in the kidney. The downregulation of AREG pro-

tein expression could overcompensate for the upregulation of Areg mRNA.

4.3 Potential mechanisms for downregulation of mutant PDE3A

PDE3A protein expression levels were reduced in the kidneys of HTNB rats (Figure
3.4 A), which is consistent with the findings in the heart, aorta, and human induced plu-
ripotent stem cell-derived cardiac myocytes (hiPSCs-CM) carrying HTNB-causing
PDE3A mutations (Ercu et al., 2020, Ercu et al., 2022). In all these cases, PDE3A pro-
tein levels were lower in homozygous PDE3A-R862C rats than in heterozygous PDE3A-
A3aa animals, suggesting that PDE3A, carrying HTNB-causing mutations, is more likely
to be degraded than wild-type PDE3A.

In the kidney, RNA sequencing showed a significant decrease in Pde3a expression
in the inner medulla and a tendency towards a decrease in the residual kidney of
PDE3A-A3aa rats compared to wild-type. In the heart, a tendency towards an increase
in Pde3a mRNA level in untreated PDE3A-A3aa animals, a decrease in the NaCl-
treated PDE3A-A3aa animals, and a significant increase in isoproterenol-treated
PDE3A-A3aa rats compared to corresponding wild-type animals were observed (the list
with expression levels of all differentially expressed genes identified by RNA sequenc-
ing can be found at Sholokh et al. 2023, Supplementary Table S2).

The transcription of PDE3A is stimulated by splicing factor proline- and glutamine-

rich protein (SFPQ) (Rhee et al.,, 2017) in HelLa cells; however, RNA sequencing
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showed no change in the expression level of SFPQ in the kidneys and hearts. Ding et
al. showed that in the heart, inducible cAMP early repressor (ICER) represses PDE3A
gene transcription, whereas PDE3A downregulation causes upregulation of ICER level
(Ding et al., 2005). RNA sequencing data showed an increase in Icer expression in the
hearts of PDE3A-A3aa rats compared to wild-types (adjusted p-value was 0.0003 and
log2 fold change was 1.025527). However, this still does not explain the tendency of
increased Pde3a mRNA levels in the hearts of untreated PDE3A-A3aa rats.

4.4 Local effects of mutant PDE3A

Downregulation of mutant PDE3A protein levels possibly compensated for PDE3A
hyperactivity and maintained global cAMP levels unchanged in the kidneys and hearts
of HTNB rats (Figure 3.4. B). In contrast, cCAMP levels in the second-order mesenteric
arteries of PDE3A-A3aa rats remained significantly lower compared to wild-types (Ercu
et al., 2020). This suggests that organs with preserved cAMP levels are protected,
whereas those with affected levels are more prone to damage.

cAMP signalling is compartmentalized and occurs in defined cellular microdomains
(Sholokh and Klussmann, 2021). Therefore, the effects of PDE3A hyperactivity may be
local and distinguishable only at the levels of specific cell populations or intracellular
microdomains. For example, renin synthesis and secretion, which rely on cAMP stimula-
tion, occur exclusively in juxtaglomerular cells (Friis et al., 2002, Jackson, 2020). There-
fore, the significant downregulation of renin expression in the kidneys of PDE3A-A3aa
rats could be attributed to lower cAMP levels mediated by hyperactive PDE3A in the
juxtaglomerular cells. In contrast, renin upregulation in functional DEL rats could be ex-
plained by the absence of active PDE3A and higher cAMP levels (Figure 3.3. B). Plas-
ma renin levels also tend to decrease in PDE3A-A3aa rats and increase in functional
DEL animals compared to the wild-type (Ercu et al., 2020). The reason behind the unaf-
fected renin levels in PDE3A-R862C rats remains unknown. A potential explanation
could be that more profound downregulation of PDE3A protein expression in PDE3A-
R862C rats compensated for its hyperactivity in this specific case. Plasma renin levels
were not affected in patients with PDE3A-T445N substitution (Schuster et al., 1996b);
but were lower in PDE3A-G449S patient.

This was reminiscent of the situation in the hearts of PDE3A-A3aa rats. In that case,

a decrease of PKA-mediated phosphorylation of PLN at Ser16 was observed, while the
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level of cAMP in the hearts of PDE3A-A3aa animals remained unchanged (Ercu et al.,
2022). In both cases, the decrease of renin expression and PLN phosphorylation can
also be explained by locally lowered cAMP levels in the presence of hyperactive mutant
PDE3A.

4.5 Cardioprotection mediated by mutant PDE3A

The morphology and function of the heart were not affected in the HTNB animals.
However, hyperplasia of cardiac arteries was observed (Figures 3.11 and 3.12). This is
in line with previous findings in the kidney (Sholokh et al., 2023) and suggests that mu-
tant PDE3A protects different organs that are usually affected by hypertension. After
two weeks of treatment with isoproterenol, the levels of cardiac damage in HNTB rats
were comparable to or even lower than in wild-type rats, while animals with PDE3A
knockout appeared to be more sensitive to catecholamine stress (Figures 3.13 and
3.14, and Ercu et al. 2022). Therefore, selective activation of PDE3A (which in the case
of HTNB is caused by enzyme hyperactivity) seems to be more effective than PDE3A
inhibition (induced by Pde3a knockout) upon cardiac damage.

Both HTNB patients and HTNB rats demonstrated improved cardiac contractility
(Ercu et al., 2022). SERCAZ2A is one of the key proteins in the excitation-contraction
coupling machinery of cardiac myocytes. Its activity is regulated, among the others, by
interaction with PDE3A1 in the AKAP180-based protein complex on the SR of cardiac
myocytes. Disruption of the PDE3A1-SERCAZ2A interaction increases SERCAZ2 activity,
which has beneficial effects in mice with chronic heart failure (Skogestad et al., 2023).
This is in line with the observation that mutant PDE3A1 demonstrated a decrease in the
interaction with SERCAZ2 (Pallien, 2022). Stimulation with EGF promoted the interaction
between PDE3A1 and SERCA2A. EGF plays a dual role in cardiovascular system func-
tion. It is required for normal development and functioning of the heart (Sanchez-Soria
and Camenisch, 2010, Shraim et al., 2021) and can even protect against myocardial
ischemia-reperfusion injury (Ma and Jin, 2019, Lee et al., 2020). However, chronic
overactivation of EGFR leads to detrimental effects such as cardiac hypertrophy, fibro-
sis, and myocardial infarction (Mali et al., 2018, Peng et al., 2016, Shraim et al., 2021).
The biological effects of EFG-mediated phosphorylation of SERCA2A-Ser663 still need
to be identified.
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4.6 Further directions for the study and clinical implication

At the current stage, the study showed that the kidneys and hearts of HTNB rats
were protected from hypertension-induced damage under basal conditions, and the
hearts of HTNB rats responded to the two-week catecholamine challenge in a similar
manner to the wild-type animals. However, patients with CKD or heart failure require
treatment while exhibiting progressive kidney and heart damage. To investigate whether
the protective effect of PDE3A mutations will remain upon chronic renal or cardiac dam-
age, CKD (5/6 nephrectomy, UUQO, or adenine diet) and heart failure (thoracic aortic
banding or myocardial infarction) models can be induced in HTNB rats.

The effects of PDE3A mutations become visible mostly at the level of a distinct cell
population or macromolecular complexes. In the kidney, it is important to uncover the
mechanisms of AREG-mediated renoprotection, namely, to understand the role of mu-
tant PDE3A in the regulation of AREG expression and to identify AREG target receptors
in the kidney. In the heart, investigation of local cAMP levels in close proximity to the
SERCA2A-PDE3A-PLN complex and the effect of mutant PDE3A on the protein-protein
interactions in the AKAP185 complex are required and can be investigated using fluo-
rescence resonance energy transfer (FRET) technology with sensors targeted to SR
and immunoprecipitation approaches.

Finally, the mechanisms underlying PDE3A hyperactivity must be investigated. Ercu
et al. showed that the mutant PDE3A-R862C demonstrated enhanced dimerization/self-
assembly, potentially by the formation of an additional disulfide bond due to the intro-
duction of an extra cysteine residue. Activation by dimerization has already been shown
in PDE4 long isoforms (Omar et al., 2019).

One of the current treatment approaches for heart failure is the inhibition of PDES3.
However, it is now only a short-term option due to its severe side effects, such as atrial
arrhythmia, hypotension, and headache (Movsesian et al., 2018, Rogers et al., 2015,
Tarig and Aronow, 2015). Mice with transgenic overexpression of PDE4B and PDEZ2 in
cardiac myocytes, which led to a significant decrease in local cAMP levels, were pro-
tected from isoproterenol-induced cardiac damage (Karam et al., 2020) and exhibited
improved contractility upon ischemic injury (Vettel et al., 2017). Omar et al. developed
small-molecule activators of PDE4 long form, which prevented cyst formation in animal
and human cell models of autosomal dominant polycystic kidney disease (Omar et al.,
2019).
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Altogether, these data suggest that selective PDE3A activation, rather than non-
specific PDE3 inhibition, might be a better option for efficient treatment or even preven-

tion of hypertension-induced diseases, such as heart failure and CKD.
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5 Conclusions

This thesis provides evidence that mutations of PDE3A, despite causing hyperten-
sion, protect against hypertension-induced end-organ damage. Moreover, the hearts of
HTNB rats did not acquire a higher sensitivity to cardiac stress, they responded to the
catecholamine challenge in a manner similar to that of wild-type animals. This suggests
that mutant PDE3A confers cardioprotection even upon a combination of additional car-
diac stress and pre-existing hypertension.

The molecular mechanisms underlying PDE3A-mediated reno- and cardioprotection
may be based on the regulation of the RAAS system activity and prevention of fibrosis
through EGFR signalling in the kidney and modulation of Ca?* cycling in cardiac myo-

cytes in the heart.
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Integrated Proteomics Unveils Nuclear PDE3A2
as a Regulator of Cardiac Myocyte Hypertrophy
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Nicoletta C. Surdo, Andreas Koschinski, Jianshu Hu®, Arjen Scholten, Albert J.R. Heck®, Maria Ercu, Anastasiia Sholokh®,
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Manuela Zaccolo

BACKGROUND: Signaling by cAMP is organized in multiple distinct subcellular nanodomains regulated by cAMP-hydrolyzing
PDEs (phosphodiesterases). Cardiac B-adrenergic signaling has served as the prototypical system to elucidate cAMP
compartmentalization. Although studies in cardiac myocytes have provided an understanding of the location and properties
of a handful of cAMP subcellular compartments, an overall view of the cellular landscape of cAMP nanodomains is missing.

METHODS: Here, we combined an integrated phosphoproteomics approach that takes advantage of the unique role that
individual PDEs play in the control of local cAMP, with network analysis to identify previously unrecognized cAMP nanodomains
associated with B-adrenergic stimulation. We then validated the composition and function of one of these nanodomains
using biochemical, pharmacological, and genetic approaches and cardiac myocytes from both rodents and humans.

RESULTS: We demonstrate the validity of the integrated phosphoproteomic strategy to pinpoint the location and provide
critical cues to determine the function of previously unknown cAMP nanodomains. We characterize in detail one such
compartment and demonstrate that the PDE3A2 isoform operates in a nuclear nanodomain that involves SMAD4
(SMAD family member 4) and HDAC-1 (histone deacetylase 1). Inhibition of PDE3 results in increased HDAC-1
phosphorylation, leading to inhibition of its deacetylase activity, derepression of gene transcription, and cardiac myocyte
hypertrophic growth.

CONCLUSIONS: We developed a strategy for detailed mapping of subcellular PDE-specific cAMP nanodomains. Our findings
reveal a mechanism that explains the negative long-term clinical outcome observed in patients with heart failure treated with
PDES inhibitors.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.

Key Words: adrenergic agents ® hypertrophy ® phosphoric diester hydrolases ® protein isoforms ® rodentia
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regulates multiple cellular functions in all organ sys-
tems. In the heart, CAMP mediates the cardiac flight-
or-fight response to sympathetic activation of B-ARs
(B-adrenergic receptors), leading to modulation of rate
and strength of contraction. cAMP is synthesized by

The intracellular second messenger 3’, 5-cAMP

adenylyl cyclases and is degraded by cyclic nucleotide-
hydrolyzing PDEs (phosphodiesterases). PDEs are a
superfamily of enzymes that includes 11 gene families
(PDE1-11) and >100 protein isoforms, each present-
ing with a unique combination of substrate specificity,
kinetics, regulatory mechanisms, expression profile, and
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Novelty and Significance

What Is Known?

* cAMP signaling operates through multiple distinct
nanodomains that control different functional effects.

* Phosphodiesterases play a key role in determining

which cAMP nanodomain is operative.

Disruption of cAMP compartmentalization is associ-

ated with cardiac disease.

» Only a small number of obvious cAMP nanodomains
have been characterized in cardiac myocytes.

What New Information Does This Article

Contribute?

* We have identified multiple novel, nonobvious cAMP
nanodomains under the selective regulation of PDE2A2
(phosphodiesterase2A2), PDE3A1, and PDE3A2.

* We have characterized a nuclear domain that involves
PDE3A2, Smad4 (SMAD family member 4), and
HDAC-1 (histone deacetylase 1) that controls car-
diac myocyte hypertrophy via PKA (protein kinase A)-
dependent regulation of HDAC-1 activity.

The compartmentalized nature of cAMP signaling is now
well established; however, the full picture of how this sys-
tem is organized within the cardiac myocyte is missing and
only a handful of obvious cAMP nanodomains have been
characterized so far. Here, using an integrated phospho-
interactomics approach, we discovered multiple novel
and nonobvious cAMP nanodomains that are under the
regulation of specific phosphodiesterase isoforms. When
applied at scale, this method has the potential to uncover
the full landscape of subcellular cAMP compartments.
We validated, both in rat and human cardiac myocytes,
one of the newly identified nanodomains that is located in
the nucleus. We demonstrated that, by degrading cAMP
at this location, PDE3A2 protects the cardiac myocyte
from hypertrophic growth, whereas PDE3SA2 inhibition
triggers hypertrophy. This cAMP nanodomain can explain
the increased mortality observed when PDES inhibitors
are used to treat heart failure. Defective cAMP signaling
through the B-adrenergic system is a key determinant of
exercise intolerance and reduced quality of life in cardiac
patients. The exhaustive mapping of subcellular cAMP
nanodomains and a detailed understanding of their regu-
lation and functional role will provide an invaluable frame-
work for the development of targeted therapeutics with
reduced side effects.

Nonstandard Abbreviations and Acronyms

B-AR [B-adrenergic receptor

ARVM adult rat ventricular myocyte

BAY BAY 60-7550

CUTie cAMP universal tag for imaging
experiments

FRET Forster resonance energy transfer

GATA4 GATA4 binding protein 4

GOCC gene ontology cellular component

HDAC-1  histone deacetylase 1

HF heart failure

hiPSC human induced pluripotent stem cell

IBMX 3-isobutyl-1-methylxanthine

NRVM neonatal rat ventricular myocyte

PDE phosphodiesterase

PKA protein kinase A

SMAD4  SMAD family member 4

TFA trifluoroacetic acid

subcellular localization." Cardiac myocytes express sev-
eral isoforms belonging to the PDE1, PDE2A, PDES3,
PDE4, and PDE8 cAMP-hydrolyzing PDE families.?

Circulation Research. 2023;132:828-848. DOI: 10.1161/CIRCRESAHA.122.321448

PDEs play a key role in cAMP subcellular compart-
mentalization by spatiotemporal regulation of cAMP
signals, underpinning specificity of response.® The
signaling pathway is organized in subcellular domains*
where multiple components involved in cAMP signal
transduction are organized in signalosomes. In these
multiprotein complexes, the cAMP effector PKA (pro-
tein kinase A) is anchored, often via interaction with an
AKAP (A kinase anchoring protein), in close proxim-
ity to a specific phosphorylation target, and the local
level of cAMP is regulated by >1 PDE isoforms.® PDEs
control the concentration of cAMP within a radius of a
few tens of nanometers,*5” thus generating submicro-
scopic subcellular compartments with distinct cAMP
levels (nanodomains). By locally degrading cAMP at
specific signalosomes, the PDEs contribute to trigger
a specific cellular response to a specific stimulus.*#-1°
The subcellular distribution and activity of PDE iso-
forms ultimately defines the topography of active sub-
cellular cAMP nanodomains.

cAMP signaling is disrupted in cardiac disease,?
and drugs that target this pathway, such as B-AR
antagonists, are a mainstay of current therapeutic
regimens. However, available medications remain
associated with serious side effects and are ineffec-
tive in a significant number of patients,'" highlighting
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the need for a better understanding of the signaling
events involved. PDE3 inhibitors are approved for the
treatment of heart failure (HF), but despite immediate
positive inotropic effects, chronic use is associated
with increased long-term mortality,'? largely limiting
their indication to short-term support of refractory,
end-stage HF. The molecular mechanisms respon-
sible for the long-term detrimental effects of PDE3
inhibition remain unclear.

The compartmentalized nature of cAMP signaling
provides an opportunity for targeted therapeutic inter-
vention'®'® with potential benefit in terms of efficacy
and reduced side effects. However, developing targeted
interventions requires a detailed understanding of the
subcellular organization of the cAMP signaling land-
scape. A comprehensive map of cAMP nanodomains
generated by B-adrenergic stimulation and insight into
their regulation and function would provide a valuable
asset to dissect physiology, identify disease mecha-
nisms, understand interactions with current medica-
tions, and provide a rational basis for the development
of targeted therapeutics.’

Here, we used an integrated proteomics approach
that combines the analysis of PDE family-specific
phosphoproteomes with the analysis of PDE iso-
form-specific interactomes to infer the subcellular
localization and function of so far unidentified cAMP
nanodomains elicited by -AR stimulation of cardiac
myocytes. Given their clinical relevance, we focused
on nanodomains under the control of PDE3A1 and
PDE3A2—the most prevalent PDE isoforms in human
myocardium.'® Our results demonstrate that the inte-
grated proteomics approach used here is a valid strat-
egy to identify previously unknown subcellular cAMP
nanodomains. In depth characterization of one of
these domains demonstrates that PDE3A isoforms
selectively control cAMP in the immediate vicinity of
a nuclear PDE3A/SMAD4 (SMAD family member 4)/
HDAC-1 (histone deacetylase 1) complex, resulting in
modulation of gene transcription and control of car-
diac myocytes hypertrophic growth.

METHODS
Data Availability

All data generated or analyzed during this study are included
in this published article (and its Supplemental Material). The
mass spectrometry proteomics data have been deposited
to the ProteomeXchange Consortium via the Proteomics
Identification Database (PRIDE) partner repository with the
data set identifier PXD033773.

Chemicals

Cilostamide, forskolin, 3-isobutyl-1-methylxanthine (IBMX),
isoproterenol, and norepinephrine were from Sigma-Aldrich;
myristoylated PKA inhibitor was from Calbiochem; BAY
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60-7550 (BAY) was from Cayman Chemicals; collagenase
A was from Roche; pancreatin was from Sigma; laminin
(mouse) was from BD Biosciences; PBS, DMEM high glu-
cose, MEM199, horse serum, newborn calf serum, penicillin/
streptomycin (10000 units of penicillin [base] and 10000
pg of streptomycin [base]/mL), and L-glutamine were from
Invitrogen.

Antibodies and Fluorescent Reagents

PDE3A (catalog number A302-740A, 1:1000 [Bethyl
Laboratory]; catalog number Sc-293446, 1:20 [Santa Cruz
Biotechnology]), Flag (catalog number F7425, 1:2000; Sigma),
GAPDH (catalog number 60004-1-1g, 1:5000; ProteinTech),
Anti-phospho-PKA substrate antibody (catalog number 9621S
or 9624, 1:1000; Cell Signaling), SMAD4 (catalog number
46535, GTX01674; Cell Signaling) GATA4 (GATA4 binding
protein 4; catalog number 36966, 1:1000; Cell Signaling),
HDAC-1 (catalog number 34589, 1:1000; Cell Signaling),
lamin B (catalog number 12586, 1:1000; Cell Signaling), lamin
A/C (catalog number 47778, 1:1000; Cell Signaling), actin-1
alpha (catalog number 17521-1-AP; Proteintech), RFP (cata-
log number ab6234 1, 1:2000; Abcam), GFP (catalog number
ab6556, 1:1000; Abcam), horseradish peroxidase—conjugated
goat anti-mouse (catalog number sc2005, 1:5000 [SCBT];
catalog number 705-035-151 [Jackson ImmunoResearch
Labs]) or anti-rabbit secondary antibodies (catalog number
s¢2030, 1:5000 [Santa Cruz Biotechnology]; catalog number
705-035-152 [Jackson ImmunoResearch Labs]), antibodies
conjugated with Alexa-Fluor 647 (catalog number A-21235,
1:250; Thermo Fisher Scientific), Alexa-Fluor 488 (catalog
number A-11008, 1:250; Thermo Fisher Scientific), and wheat
germ agglutinin conjugated with Alexa 488 (catalog number
W11261; Invitrogen).

Plasmids

Flag SMAD4 (clone Id Ora42717) and Flag HDAC-1 (clone Id
Ora13308) were obtained from Genscript. The SMAD4-cAMP
universal tag for imaging experiments (CUTie) sensor was
generated by cloning SMAD4 in a pEYFPc1-CUTie vector by
using the Nhel restriction site. Flag HDAC-1 alanine and aspar-
tate mutants were generated by Genscript using the clone 1D
Ora13308 as a template.

Isolation and Culture of Cardiomyocytes

All animal procedures performed conform to the guidelines
from directive 2010/63/EU of the European Parliament
on the protection of animals used for scientific purposes.
Adult rat ventricular myocytes (ARVMs) from 350 to 375
g both male and female Sprague-Dawley rats were iso-
lated as described previously.*'” For phosphoproteomics
and immunoblot analysis, fresh cells in tyrode buffer (130
mmol/L NaCl, 5 mmol/L HEPES, 0.4 mmol/L NaH,PO,
5.6 mmol/L KCI, 8.5 mmol/L MgCl,, 20 mmol/L taurine, 10
mmol/L glucose) containing 1.4 mmol/L CaCl, were used.
Cells were treated with 10x working dilutions that would
give final concentrations of 0.5 nM isoproterenol, 1 umol/L
BAY, 10 umol/L cilostamide, or 100 pmol/L IBMX. After a
treatment period of 10 minutes at room temperature, during
which the cardiomyocytes were allowed to settle by gravity,
the supernatant was taken off and cells were snap frozen in
liquid nitrogen and stored at —80 °C until further processing.
For viral infection, isolated ARVMs were plated on dishes
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precoated with 1 pug/cm? laminin in culture medium (MEM
199, 5% fetal bovine serum [FBS], 5 mmol/L creatine, 2
mmol/L L-carnitine, 5 mmol/L taurine, 0.1% insulin-trans-
ferrin-selenium-X, 2 mmol/L L-glutamine, 100 units/mL
penicillin, and 100 pg/mL streptomycin). Cells were washed
with serum-free medium 2 hours after plating and subjected
to adenoviral infection with vectors PDE3A1-mCherry,
PDE3A2-mCherry, or mCherry only (Vector Biolabs).

Neonatal rat ventricular myocytes (NRVMs) from 2-days-
old Sprague-Dawley pups were isolated as described
before.'® For viral transduction, 2.5 million cells were plated
on laminin-coated 6 cm plates or on laminin-coated cover-
slips in M1 medium (4.5 g D-glucose/L DMEM [Invitrogen]
with 17% M199 [Invitrogen], 10% horse serum, 5% new-
born calf serum, 2 mmol/L L-glutamine, 100 units/mL
penicillin and 100 pg/mL streptomycin). After 18 hours,
medium was changed to M2 medium (4.5 g D-glucose/L
DMEM [Invitrogen] with 17% M199 [Invitrogen], 5% horse
serum, 0.5% newborn calf serum, 2 mmol/L L-glutamine
and 100 units/mL penicillin, and 100 pg/mL streptomy-
cin) and cells were allowed to adjust for 2 hours in a 37°C
humidified incubator with 5% CO,. The cardiomyocytes
were infected with adenoviral vectors encoding PDE2A2-
mCherry, PDE3A1-mCherry, PDE3A2-mCherry, or mCherry
only (Vector Biolabs). After 4 hours of infection, medium
was replaced with fresh M2 medium. For plasmid trans-
fection, the transfectin lipid reagent (Bio-Rad) was used
following the manufacturer’s instructions. The following
day, cells were used for coimmunoprecipitations, immu-
nofluorescence staining, label-free quantification shotgun
proteomics, or cells were treated with norepinephrine (10
pmol/L) and other stimuli, as indicated.

Human Induced Pluripotent Stem Cell-Derived

Cardiomyocytes
Human induced pluripotent stem cells (hiPSCs;
LUMCIi027-A-1 line,’ LUMCO099iCTRLO4 line,** M180

line,2" and M398 line?") were cultured as described previ-
ously. Briefly, the LUMC lines were seeded on vitronectin
recombinant human protein and cultured in E8 medium; cells
were passaged twice a week using PBS containing EDTA 0.5
mmol/L. RevitaCell supplement (1:200) was added during
passaging (all from Thermo Fisher Scientific). The M lines
were cultured in mTeSR Plus medium (Stemcell Technologies)
on human embryonic stem cell (hESC)-qualified Matrigel
(8 pg/cm?; Corning)-coated surfaces; cells were passaged
twice a week using DPBS (Gibco) for rinsing and accutase
(Sigma-Aldrich) for dissociation. The ROCK (Rho Kinase)
inhibitor (StemMACS Y27632, 10 pmol/L; Miltenyi Biotech)
was added for the first 24 hours after seeding. Differentiation
into cardiomyocytes was induced in monolayer as described
previously.2? Differentiated human inducible pluripotent stem
cell-derived cardiac myocytes (hiPSC-CM) were maintained
in RPMI 1640 medium with Glutamax and 256 mM HEPES
(Gibco) plus B27 supplement (Gibco). PDE3A2 overexpres-
sion experiments were performed at day 21 of differentiation
by transducing hiPSC-CMs with PDE3A2-mCherry adenovi-
rus. The medium was refreshed 24 hours post-transduction,
and the cells were harvested after an additional 24 hours (48
hours post-transduction). Untransduced hiPSC-CMs were
used as control.
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Phosphoproteomics

For quantitative phosphoproteomic analysis, NRVMs, which sur-
vive in culture better than ARVMs, were transduced with ade-
noviral vectors encoding PDE2A2-mCherry, PDE3A1-mCherry,
PDE3A2-mCherry, or mCherry only, as described above.
Stable-isotope dimethyl labeling®® was combined with tita-
nium dioxide—mediated phospho-enrichment* and data-driven
decision tree—dependent mass spectrometry.2® Paired control
and treatment samples from at least 3 different animals were
analyzed. In brief, frozen cardiomyocyte pellets were thawed in
AmBic/urea lysis buffer (8 mol/L urea, 50 mmol/L ammonium
bicarbonate, PhosSTOP phosphatase inhibitor cocktail [Roche],
and complete protease inhibitor cocktail [Roche]). Cell lysis
was allowed to complete for 30 minutes at 4°C under con-
stant agitation, and cells were subsequently disrupted using a
21G needle. Tryptic digest of a total of 2 mg cardiomyocyte
protein was performed using a 10-kD molecular weight cut off
Filter Aided Sample Prep protocol. Disulfide bonds in aliquots
of 400 mg protein per filter were reduced with 10 mmol/L
tris(2-carboxyethyl)phosphine for 30 minutes and then alkyl-
ated with 50 mmol/L chloroacetamide for another 30 minutes
in the dark. Proteins were washed twice with 6 mol/L urea in
50 mmol/L triethylammonium bicarbonate. Proteins were then
digested; first with 1 ug MS grade Lys-C protease (Pierce) per
40 pg protein dissolved in 6 mol/L urea/50 mmol/L triethyl-
ammonium bicarbonate for 8 hours at 37 °C, followed by 1 pg
MS grade trypsin per 40 pg protein dissolved in 50 mM trieth-
ylammonium bicarbonate for 4 hours at 37 °C. Tryptic peptides
were eluted by spinning through the 10-kD molecular weight
cut off filter. Filters were washed with 0.1% trifluoroacetic acid
(TFA) and then with 50% acetonitrile in 0.1% TFA. The elu-
ate was directly used for on-column stable-isotope dimethyl
labeling using SepPak C18 cartridges (Waters) as described
previously.?® Titanium dioxide—packed tips (Thermo Fisher
Scientific) were activated with 5% ammonium hydroxide and
preequilibrated with loading buffer (2 mol/L glycolic acid, 10%
TFA, and 80% acetonitrile). Samples were acidified by adding
loading buffer 1:1, bringing glycolic acid to a final concentra-
tion of 1M and TFA to a final concentration of 5%. Samples
were loaded onto the titanium dioxide columns at a low flow
rate (20 pL/min). After all samples were loaded on the col-
umns, they were washed sequentially with loading buffer, 0.2%
TFA in 80% acetonitrile and 20% acetonitrile. The phospho-
peptides were eluted twice with 5% ammonium hydroxide and
immediately acidified with an equal volume of 20% formic acid.
Phosphopeptides were analyzed on Orbitrap Elite (Thermo
Fisher Scientific) coupled to an EASY-nano-LC 1000 system
(Thermo Fisher Scientific) in which phosphopeptides were
initially trapped on a 75-pum internal diameter guard column
packed with Reprosil-Gold 120 C18, 3 um, 120A pores (Dr.
Maisch GmbH) in solvent A (0.1% [vol/vol] formic acid in water)
using a constant pressure of 500 bar. Peptides were then sep-
arated on a 45°C heated EASY-Spray column (50 cmx75 pm
ID, PepMap RSLC C18, 2 pm; Thermo Fisher Scientific) using
a 3-hour linear 8% to 30% (vol/vol) acetonitrile gradient and
constant 200 nL/min flow rate. Peptides were introduced via
an EASY-Spray nanoelectrospray ion source into an Orbitrap
Elite mass spectrometer (Thermo Fisher Scientific). Spectra
were acquired with resolution 30000 m/z; range, 350 to 1500;
AGC target, 1x108; and maximum injection time, 2560 ms. The
20 most abundant peaks were fragmented using collision
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induced dissociation (automatic gain control target, 5x10%
maximum injection time, 100 ms) or electron-transfer disso-
ciation (automatic gain control cation and anion target, 5x10°
and 2x 108, respectively; maximum injection time, 100 ms; nor-
malized collision energy, 35%) in a data-dependent decision
tree method. Peptide identification and quantitation of heavy-
to-light ratios was then performed using MaxQuant (v1.6.1.0).2°
Groups were analyzed with a multiplicity of 2, accounting for
the light and heavy dimethyl labels, and phospho (STY) was
specified as a variable modification along with protein oxida-
tion and N-terminal acetylation. Trypsin/P was selected as spe-
cific digestion mode with a maximum of 2 missed cleavages.
Carbamidomethyl groups were accounted for as fixed modi-
fications, and the match between runs function was enabled
with a match time window of 0.7 minutes and an alignment
time window of 20 minutes. Downstream data processing was
performed using the Perseus software package (v1.6.1.1).%"

Label-Free Quantification Shotgun Proteomics

Following affinity purifications of PDE2A2-mCherry, PDE3A1-
mCherry, PDE3A2-mCherry, or mCherry from NRVM lysates
using RFP-Trap beads, bound proteins were eluted with urea
(8 mol/L) under denaturing conditions. Proteins were digested
to peptides for interactome analysis with MS grade Lys-C pro-
tease (Pierce) for 4 hours at 37 °C, followed by reduction with
2 umol/L dithiothreitol for 15 minutes at 65°C and alkylation
with iodoacetamide for 30 minutes at room temperature and
in the dark. After dilution of the buffer to 2 mol/L urea, further
digest with MS grade trypsin was performed for 16 hours at
37°C. LC-MS/MS was performed using a Q Exactive Hybrid
Quadrupole-Orbitrap Mass Spectrometer (Thermo Fisher
Scientific). Mass spectra were searched against the Uniprot
Rattus norvegicus reference proteome (downloaded on July
6, 2014) and quantified using MaxQuant (v1.5.0.0).% Settings
were as follows: 2 missed cleavages, carbamidomethylation
on cysteine residues as fixed modification, protein oxidation,
and N-terminal acetylation as variable modification. The search
space was limited to a peptide mass tolerance of 20 ppm and
an MS/MS mass tolerance of 0.5 Da. The match between runs
function was enabled with a match time window of 0.5 minutes
and an alignment time window of 20 minutes. Downstream
data processing was performed using the Perseus software
package (v1.5.5.3).2

Network Analysis

Area-proportional Venn diagrams were created using
BioVenn.?® Gene ontology term analysis for phosphoproteome
and interactome target lists was performed using the ClueGO
Cytoscape plug-in (v2.5.8).2% Category enrichment analysis of
PDE3A2, PDE3A1, and PDE2A?2 interactors and PDE3 and
PDE2A upregulated phosphoproteins was performed with
STRING,*" using gene ontology cellular component (GOCC)
and default parameters. Next, proteins annotated to the GOCC
term nucleus were extracted from the list of PDE3A2, PDE3A1
interactors, and PDE3A upregulated phosphoproteins.
Common nucleus-annotated PDEA1 and PDEA3 interactors
and nucleus-annotated PDE3A upregulated phosphoproteins
were used to query STRING for functional and physical inter-
actions. The following settings were used: network type: full
STRING network; active interaction sources: experiments and
databases; minimum required interaction score: 0.900.
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Immunofiuorescence

NRVMs plated on coverslips were treated with dimethyl sulfox-
ide (DMSO) or leptomycin B (100 nmol/L) for 3 hours, washed
3x with PBS, and fixed with 4% PFA in PBS at room tempera-
ture for 15 minutes. After permeabilization with PBS+0.1%
Triton-X-100 (PBST) for 30 minutes, the coverslips were blocked
in PBST+10% FBS for 1 hour at room temperature. Primary
antibody incubations were performed overnight at 4 °C, followed
by 3 washes at room temperature with PBS+0.025% Tween 20
and detection with Alexa-Fluor conjugated secondary antibodies
for 1 hour before staining with DAPI (1 pg/mL) for 10 minutes.
Coverslips were mounted in lbidi mounting media and sealed with
nail polish. Sequential confocal images were acquired on a con-
focal laser scanning microscope (TCS SPb II; Leica, Germany).
Nuclear and cytoplasmic fluorescence intensity was calculated by
drawing a region of interest with ImageJ V153K 2

Immunoprecipitation and Immunoblotting

For immunoprecipitations from ARVMs or hiPSCs-CM, cells
were infected with adenovirus Ad-HDAC-1 virus (catalog num-
ber 1498; Vector Biolabs) including an mCherry reporter or
PDE3A2-mCherry or mCherry alone (Vector Biolabs). When
using hiPSC-CMs, 21-day-old cells were transduced with ade-
noviral vector. After 24 hours post-transduction, the medium
was refreshed, and the cells were treated with cilostamide (10
pmol/L), cilostamide (10 pmol/L) in combination with the PKA
inhibitory peptide PKA inhibitor (20 pmol/L), isoproterenol (0.5
nmol/L), a saturating stimulus (25 pmol/L forskolin and 100
pmol/L IBMX), or control medium (DMSO) for 30 minutes and
immediately harvested. hiPSC-CMs were dissociated using
the multitissue dissociation kit 3 (Miltenyi Biotec) following the
manufacturer’s instructions. The cell pellet was washed 3x using
ice-cold PBS and then stored at —80°C after snap freezing in
liquid nitrogen to preserve protein integrity. NRVM and HEK293
(Human Embryonic Kidney 293) cells were transfected with
plasmid carrying FLAG-HDAC-1. Twenty-four hours post-trans-
fection, the cells were treated with cilostamide (10 pmol/L), a
saturating stimulus (25 umol/L forskolin and 100 pmol/L IBMX),
cilostamide 10 pmol/L+PKA inhibitor (10 umol/L), isoproterenol
(0.5 nM), or control medium (DMSO) for 45 minutes and imme-
diately harvested. For immunoprecipitation of the transfected or
infected cells, lysates were prepared using an IP buffer (60 mM
HEPES pH7.4, 150 mM NaCl, 2 mM EDTA, 10% glycerol, 0.5%
Triton-X-100 or 50 mM Tris pH7.4, 1560 mM NaCl, 1 mM EDTA,
and 1% nonyl phenoxypolyethoxylethanol [NP4Q]), supple-
mented with PhosSTOP phosphatase inhibitor cocktail (Roche)
and complete protease inhibitor cocktail (Roche). For tissue lysis,
isolated left ventricles from rats were homogenized with a tissue
homogenizer (Miccra D-4; ART Prozess- & Labortechnik GmbH
& Co. KG; Mullheim, Germany) in lysis buffer (10 mM K,HPO,,
160 mM NaCl, 5 mM EDTA, 5 mM EGTA, 0.5% Triton-X-100,
pH7.4, and 0.2% sodium deoxycholate) supplemented with pro-
tease and phosphatase inhibitors. Affinity purifications were per-
formed for 2.5 hours using 25 uL RFP-Trap beads (Chromotech)
or Flag M2 agarose beads (Sigma) per biological replicate.
For immunoprecipitation of endogenous proteins, lysates were
incubated overnight at 4°C with anti-PDE3A or anti-SMAD4
antibodies and protein A sepharose beads (Sigma-Aldrich) or
protein A agarose (Thermoscientific) for 6 to 8 hours at 4 °C. For
immunoblotting, ARVMs were lysed in AmBic/urea lysis buffer
(8 M urea and 50 mM ammonium bicarbonate) supplemented
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with protease and phosphatase inhibitor cocktails (Roche). Cell
debris was removed by centrifugation at 4°C for 20 minutes
at 16000g. Protein concentrations were determined using the
Bradford assay (Bio-Rad). Accordingly, 10 to 30 pg of protein
per sample was resolved on 4% to 12% Bis-Tris polyacrylamide
gels (Invitrogen) or 8% SDS-PAGE gel and transferred to nitro-
cellulose membranes using the XCell Il Blot Module (Thermo
Fisher Scientific). To prevent nonspecific binding of the primary
antibody, membranes were blocked in 5% milk (Millipore) or
phosphoblocker (Cell Biolabs) made in TBST for 1 hour at room
temperature. Incubation with the appropriate dilution of primary
antibody was performed at 4°C overnight with gentle agitation.
Horseradish peroxidase—conjugated secondary antibodies were
used at a dilution of 1:5000. The amount of peroxidase activity
remaining on the membrane after washes with TBST was deter-
mined using X-Ray Film (GE Healthcare), in combination with
Clarity ECL developing solution (Bio-Rad) or Supersignal West
Atto (Thermo Scientific). Chemiluminescent signal was also
detected by using a ChemiDoc XRS+ (Bio-Rad) imaging sys-
tem. Quantification of the obtained signal was performed using
densitometry analysis with Imaged V1.63K.2®

RNA Isolation and Analysis

After isolation, NRVMs were washed with PBS, and RNA was
isolated using the QIAGEN RNeasy kit, following the manu-
facturer's protocol. One microgram of total RNA was used to
synthesize cDNA using QuantiTect Reverse Transcription Kit
(Qiagen) according to the manufacturer’s instructions. For the
quantitative real-time polymerase chain reaction for GATA4,
the TagMan Gene Expression assay primer Rn015630459_m1
and for GAPDH, the TagMan Gene Expression assay primer
Rn01775763_g1 from Applied Biosystems were used.
Quantitative real-time polymerase chain reactions were per-
formed in a 7300 Real-Time PCR System (Applied Biosystems).
The relative level of GATA4 mRNA was normalized to the DMSO
control and respective GAPDH levels. Fold change was calcu-
lated using the 2(—AACt) method.?® Total RNA from hiPSC-
CMs was extracted using the RNeasy Micro Kit (Qiagen), and
500 ng of RNA was reverse transcribed using the iScript cDNA
synthesis kit, following the manufacturer's instruction. iTaq
Universal SYBR Green Supermix was used for cDNA ampli-
fication on CFX96 Real-Time PCR Detection System (all from
Bio-Rad) using the following conditions: 95 °C 3 minutes/95°C
30's;60°C 1 minute for 39 cycles/95°C 10 s; melt curve 60°C
to 95°C with increment of 0.5°C. All quantitative PCR (gPCR)
reactions were performed in triplicate. Gene expression lev-
els for GATA4 (forward primer GGCCTGTCATCTCACTACGG;
reverse primer ATGGCCAGACATCGCACT), NPPA (for-
ward primer CCGTGAGCTTCCTCCTTTTA; reverse primer
CCAAATGGTCCAGCAAATTC), and  NPPB  (forward
primer  CTCCAGAGACATGGATCCCC;  reverse  primer
GTTGCGCTGCTCCTGTAAC) were normalized to DMSO and
the correspondent RPL37A housekeeping gene (forward
primer GTGGTTCCTGCATGAAGACAGTG; reverse primer
TTCTGATGGCGGACTTTACCG).

Forster Resonance Energy Transfer Imaging

For Forster resonance energy transfer (FRET) measurements,
NRVMs were plated on laminin-coated glass coverslips (0.5 pg/
cm?) and allowed to adhere for 2 hours in a 37 °C humidified incu-
bator with 5% CO,,. Adenoviral vector encoding the cyclic AMP
FRET reporter CUTie was added to the cardiomyocyte medium,
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and infection was allowed for 3 hours in a 37 °C humidified incu-
bator with 5% CO,. The medium was then replaced with fresh
FBS-free medium. For SMAD4-CUTie imaging, HEK293 cells
or NRVMs were transfected with TransFectin lipid reagent (Bio-
Rad), JetPrime (PolyPlus), or FuGENE HD (Promega), following
the manufacturer's instructions. FRET experiments were per-
formed 24 to 48 hours after adenoviral transduction or transfec-
tion. Before the experiments, cells were treated with leptomycine
B (100 nmol/L) for 3 hours in a 37 °C humidified incubator with
5% CO,, For imaging, cells were kept in a modified Ringer saline
solution (NaCl 125 mmol/L, KCI 5 mmol/L, Na,PO, 1 mmol/L,
MgSO, 1 mmol/L, HEPES 20 mmol/L, glucose 5.5 mmol/L,
CaCl2 1 mmol/L, and pH74) and imaged on an Olympus
IX71 inverted microscope using a PlanApoN, x60, oil immer-
sion objective (numerical aperture 1.4, 0.17/field number 26.5,
Olympus, United Kingdom). The microscope was equipped with a
CoolSNAP HQ2 monochrome camera (Photometrics) and a DV2
Dual-View beam splitter (Photometrics; MAG Biosystems). The
FRET filter settings used throughout were CFP excitation filter
ET436/20, dichroic mirror 465DCLP (Chroma Technology) in
the microscope filter cube, a 506DCLP dichroic mirror, 535/40
YFP (yellow fluorescent protein) and 480/30 CFP (cyan fluores-
cent protein) emission filters (Chroma Technology) in the beam
splitter. Images were acquired and analyzed using MetaFluor 7.1
(Molecular Devices). FRET changes were measured as changes
in the background-subtracted 480/635 nm (Epac-S™'®") or
535/480nm (CUTie and SMAD4 CUTie) fluorescence emis-
sion intensity on excitation at 430 nm and expressed as percent
FRET ratio change of R/RO, where R is the fluorescence emis-
sion ratio at time t and RO is the average baseline ratio (5-10
samples) short before the first stimulus is added.

HDAC Activity

Histone deacetylase activity of HDACs was measured using a
fluorometric histone deacetylase kit (CS1010; Sigma-Aldrich)
following the manufacturer’s instructions. Equal volumes of puri-
fied HDAC-1 beads obtained from immunoprecipitates from cells
expressing HDAC-1-Flag as described above were used. For the
HDAC assay, 30 pL of assay buffer were added to 100 pmol/L
HDAC substrate and 20 pL of washed HDAC-1 beads. After 30
minutes of incubation at 30°C, 10 pL of the developer solution
was added, allowing the fluorescent reporter to be released from
the deacetylated substrate. Fluorescence was detected using
a Cytation image plate reader (BioTeK) with excitation at 355
nm and emission at 460 nm. Measurements were taken from
4 different biological replicates and normalized to the amount of
HDAC-Flag present in each sample, as determined by quantifica-
tion of a 30-pL sample subjected to Western blotting.

In Vitro Hypertrophy and Cell Size Measurements

For NRVM, cells were prepared as described above. Twenty-
four hours after isolation, the cells were treated with cilostamide
(10 pmol/L), norepinephrine (10 umol/L), or control medium
(DMSO) for 48 hours before cell size determination. For ARVM,
cells were suspended in ARVM serum-free medium (MEM 199,
100 units/mL penicillin, 100 pug/mL streptomycin, 5 mmol/L cre-
atine, 2 mmol/L L-carnitine, 5 mmol/L taurine, insulin-transferrin-
selenium-X 1X, and 2 mmol/L L-glutamine) and plated on dishes
precoated with 1 ug/cm? laminin. Cells were washed with serum-
free medium 2 hours after plating and subjected to adenoviral
infection with the vectors PDE3A1-mCherry, PDE3A2-mCherry,
or mCherry only (Vector Biolabs). After 24 hours, the cells were
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treated with norepinephrine (10 pmol/L) or other stimuli as indi-
cated for 24 hours, followed by cell size measurement. hiPSC-
CMs were dissociated and seeded at a cell density of 5x10° cells
per well in a Matrigel-coated 12-well plate for RNA extraction
or at a cell density of 1x10* cells per well on Matrigel-coated
black 96-well plate for immunofluorescence. hiPSC-CMs were
cultured for 48 hours to allow their recovery after dissociation;
then the medium was refreshed and the cells were treated with
cilostamide (10 umol/L), norepinephrine (10 umol/L), or con-
trol medium (DMSO) for 7 days, refreshing the medium every
48 hours. At day 4, cells were then transduced for 24 hours
with adenoviral vector encoding mCherry alone or PDEA3A2
DN-mCherry. For determination of cell size, cells were imaged
in bright-field mode on an Olympus IX71 inverted microscope,
equipped with Olympus 40x UPlanFLN and 60x PlanApoN
oil immersion objectives (NA 1.3 and 1.42, respectively) using
MetaFluor 7.1 (Molecular Devices). Cell membranes were deco-
rated using 5.0 pg/mL wheat germ agglutinin (Invitrogen) in PBS
incubated for 10 minutes at room temperature. When required,
epifluorescence images were taken using either a YFP illumi-
nation set (excitation filter ET500/30, dichroic mirror T515LP,
emission filter ET535/30; Chroma Technology) or an RFP set
(excitation filter 559/34, dichroic mirror 585LP, emission filter
630/69; Semrock). Cell surface area was calculated with Imaged
by drawing a region of interest including the cell area and by ana-
lyzing the number of pixels within the region of interest.

Hypertrophy experiments with dominant negative PDE3 iso-
forms were conducted at days 30 to 37 after differentiation start.
Cells were seeded at a density of 15000 cells/cm? on Matrigel-
coated glass coverslips and grown for 3 to 5 days before the
treatment. Cells were then transduced with adenoviral vector
encoding dominant negative PDE3A1 and 3A2-mCherry and
mCherry alone as control. Treatment with and without norepi-
nephrin (10 umol/L) was started at the same time. After 48
hours, cells were imaged in differential interference contrast and
area was measured using Metafluor 7.1 (Molecular Devices) for
acquisition and analysis. All measured cells were also controlled
for effective transduction by detecting the red fluorescence of
the cells. Measurements were taken on Nikon Eclipse FN-1,
equipped with an Opto-LED fluorescent light source (Cairn-
Research) and a CoolSnap HQ? camera (Photometrix). All
images were acquired with a 40x/0.8 numerical aperture, long
distance water dipping objective (Nikon).

In Vivo Adrenergic Challenge and Cardiac Tissue Analysis
Male rats (circa 6—8 months) were used and phenotyped as
described.”® Osmotic minipumps (Alzet 2ml2; Charles River
Wiga, Sulzfeld, Germany) were implanted for administration
of saline (0.9% NaCl+0.02% ascorbic acid) or isoproterenol
(0.13 mg/kg per hour). On day 14 after the implantation, the
hearts were collected, cut along the transverse axis, immedi-
ately fixed in 10% formalin, and stored at least for 24 hours.
The samples were embedded in the paraffin and cooled over-
night at 4°C. Sections (2 or 5 um thick) were prepared from
paraffin blocks using a microtome and mounted on microscope
slides. The samples were rehydrated by deparaffinizing twice in
xylene (2x5 minutes) and running through a decreasing etha-
nol series (100%, 96%, 80%, and 70% for 5 minutes each).
For further processing, the slides were washed 3x in 1x PBS.
Visualization of cardiac myocytes was performed immediately
after rehydration of the samples. After blocking nonspecific
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binding (60 minutes with 10% nanodomains in 1x PBS at
room temperature in a humidified chamber), the directly cou-
pled WGA was applied (1:100 in 10% normal donkey serum,
4 °C, in a humidified chamber). A secondary antibody was
not required. After incubation, samples could be covered with
Vectashield/DAPI. For picrosirius staining (Morphisto; 134292),
the sections were incubated for 60 minutes in the dark, washed
2x5 minutes with 0.005% vinegar water, dehydrated in etha-
nol series (3x99.8%), and immersed in xylene (2x5 minutes).
Finally, the sections were covered with Eukitt.

Statistical Analysis

Statistical significance tests for proteomics data were performed
within the Perseus proteomics software package (v1.6.1.1). Other
statistical tests were performed using Sigma Plot v13.0 (Systat
Software, Inc) and Prism 5 or Prism 9 (GraphPadPrism). Data
are presented as mean=SEM. For n >10, normal distribution of
the experimental data was tested with the Anderson-Darling nor-
mality test. For comparisons between 2 groups, Student t test
was used for normally distributed data, For non-normally distrib-
uted data or n <10, a Mann-Whitney U test (unpaired data) or a
Wilcoxon signed-rank test (paired data) was used. For compari-
son between >2 groups, Kruskal-Wallis test followed by a Dunn
multiple comparison (non-normal distribution with nonpaired
groups or n<10) or Friedman test followed by a Dunn multiple
comparison (non-normal distribution or n<10 with paired groups)
was performed. To account for dependency, a hierarchical analysis
model in R using the Ime4 package with clustering for individual
cells followed by Bonferroni correction for multiple comparisons
was applied (as previously described in the study by Sikkel et al*°).
Non-normally distributed data were log transformed before hier-
archical statistical testing. Pvalues of <0.05 were considered sta-
tistically significant. Number of experimental animals and cells per
group were chosen based on our experience in previous experi-
ments. Representative images were chosen to closely match the
average values of the respective groups. Additional information
on statistical analysis is provided in Appendix S4.

RESULTS

PDE Family-Specific Phosphoproteomes

Application of a PDE family-selective inhibitor is expected
to result in a cAMP increase only at the subcellular sites
where isoforms belonging to that family localize, lead-
ing to confined activation of PKA and local substrate
phosphorylation. From the analysis of the phosphopro-
teome upregulated on inhibition of a specific PDE family,
it should be possible to gain information on the location
of cAMP nanodomains under the control of that par-
ticular PDE family. To test the validity of this approach
for uncovering novel PDE-specific cAMP nanodomains,
we analyzed the phosphoproteome associated with
inhibition of PDE3 and compared it to the phosphopro-
teome associated with inhibition of PDE2A. As our aim
was to reveal previously unappreciated cAMP nanodo-
mains elicited by sympathetic stimulation, we applied
the PDE family-selective inhibitors in combination with
the B-AR agonist isoproterenol. Using the cytosolic

Circulation Research. 2023;132:828-848. DOI: 10.1161/CIRCRESAHA.122.321448



87

Subramaniam et al Mapping Nonobvious cAMP Nanodomains by Proteomics

A — > B — s C -
i Upregulated i Upregulated =
250 ! after PDE3 250 ! after PDE2 2
: inhibition 1 i inhibition =
c 200 : c 200 : =
2 | 2 ] | o
§ 150 E 150: e E
S 100 i € 100 | 2
50 5 501 : IsoCILO IsoBay
1 L P-Sites P-Sites
0. i 0 il regulated regulated
-2 0 2 4 4 2 0 2 4 6 68% 68%
log2 labeled int. ratios log2 labeled int. ratios  confidence confidence
(IsoCILO/Iso) (IsoBAY/Iso) (357) (183)

Figure 1. Analysis of the §-adrenergic phosphoproteome
PDE2A.

A, Frequency distributions of log2 intensity ratios to illustrate thresholding of PDE3-dependent and PDE2A-dependent (B) phosphoproteomics
data for pathway analysis. The top 16% quantified phosphopeptides (highlighted in green and purple for PDE3A and PDE2A, respectively) were
carried forward for further analysis. C, Venn diagram comparing the 16% upregulated phosphorylation sites in samples treated with the PDE3
inhibitor (green) or the PDE2A inhibitor (purple). The CI (68%) derives from the selected peptides lying outside 1 SD of the mean distribution of

ively elicited by inhibition of PDE3 (phosphodiesterase 3) or

peptides, as shown in A and B, respectively. BAY indicates BAY 60-7550; Cilo, cilostamide; and Iso, isoproterenol.

FRET biosensor EPAC-SH'®" to measure cAMP?' we
optimized the concentration of isoproterenol so that, on
subsequent addition of the PDE inhibitor, the following
criteria would be satisfied: (1) generation of a relatively
contained increase in cAMP, sufficient to engage the rel-
evant PDE hydrolytic activity but with minimal overspill
and disruption of compartmentalization; (2) generation of
a comparable overall cellular amount of cAMP on appli-
cation of the PDE inhibitors, to avoid that differences in
target phosphorylation may result from grossly unequal
global cAMP levels; (3) generation of a functionally rel-
evant signal, as determined by detectable activation of
PKA. Treatment of ARVMs with 0.5 nmol/L isoproterenol
satisfies all 3 criteria (Figure S1).

Cell lysates from ARVMs treated with 0.5 nmol/L iso-
proterenol alone or in combination with the PDE3 inhibi-
tor cilostamide (10 pmol/L) or the PDE2A inhibitor BAY
(1 pmol/L) were prepared for quantitative LC-MS/MS,
as shown in Figure S2. For ARVMs treated with cilo-
stamide, proteins were identified after titanium dioxide
enrichment, 264 of which were quantified (Figure S3A).
For ARVMs treated with BAY, 776 proteins were identi-
fied, 270 of which were quantified (Figure S3B). This
corresponds to 2231 and 1146 detected phosphoryla-
tion sites in cardiomyocytes treated with a combination of
isoproterenol+cilostamide or isoproterenol+BAY, respec-
tively (Figure S3C). As prestimulation with isoproterenol
lead to considerable baseline phosphorylation, the dynamic
range of the observed ratios between PDE inhibitor and
control was narrow, with many substrates showing little
or no change. For data analysis, we, therefore, applied an
intensity-based thresholding approach,3>*® considering all
phosphorylation sites within the top 16% intensity ratios
as differentially regulated (Figure 1A and 1B). A full list
of the differentially regulated phosphopeptides is shown
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in Appendix S1. In line with what is expected, of the quan-
tified upregulated phosphorylation sites, 42% and 41%
were annotated as containing a PKA motif in the sample
treated with cilostamide and BAY, respectively (Figure
S4A and S4B). This enrichment for PKA sites was con-
served in the top 16% sites differentially regulated upon
inhibitor treatment (35% of the 357 PDE3-regulated sites
and 43% of all 183 PDE2A-dependent phosphorylation
sites were annotated as PKA sites; Figure S4C and S4D).
Of the differentially regulated sites, only 22 sites in 22
different proteins were found in both the PDE3- and the
PDE2A-dependent phosphoproteomes (Figure 1C; Table
S1), 32% of which contain a PKA motif. These 22 phos-
phopeptides correspond to only 6% of the differentially
regulated phosphorylation sites, supporting the notion
that PDE3 and PDE2A enzymes operate largely indepen-
dently in distinct subcellular compartments and indicating
that the analysis of PDE family-dependent phosphopro-
teomes is a valid approach to identify targets under the
control of individual PDE families.

PDE Isoform-Specific Interactomes

Available PDE inhibitors are family-selective but do not
discriminate between different PDE isoforms within a
family. To increase the resolution of our investigation and
gain information on where specific PDE isoforms oper-
ate, we analyzed the interactomes of the PDE3 family
isoforms PDE3A1 and PDE3A2 and compared them to
the interactome of the PDE2A2 isoform. Individual PDE
isoforms tagged with mCherry or mCherry alone were
expressed in isolated NRVMs. Confocal imaging con-
firmed that the 3 selected PDE isoforms show largely
distinct subcellular localization, with PDE3A1 showing a
predominant pattern compatible with internal membranes,
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PDES3A2 showing a somewhat more homogeneous dis-
tribution within the cell, and PDE2A2 showing a dis-
tribution in line with the predominantly mitochondrial
localization described previously®* (Figure SB). After
immunoprecipitation and tryptic digest of the coprecipi-
tated proteins, the samples were separately analyzed
by mass spectrometry (Figure S6). We identified 1979,
1900, and 1871 proteins for the PDE3A1, PDE3A2,
and PDE2A2 interactomes, respectively (Figure S7). t
test analysis using mCherry alone as control yielded 464
potential interaction partners for PDE3A1, 139 interac-
tion partners for PDE3AZ2, and 210 interaction partners
for PDE2A2 (significance thresholds are false discovery
rate [FDR], 0.03 and S-zero is the fold-change thresh-
old [SO], 1.3 for the PDE3A1 interactome; FDR, 0.5 and
S0, 0.8 for the PDE3A2 interactome; and FDR, 0.05 and
S0, 1.3 for the PDE2A? interactome; Figure 2). Overall,
the data show that, at least for PDE3A1 and PDE2A2,
a considerable proportion of the interactors is unique for
the specific PDE isoform (Figure 2E). The presence of
shared interactors between isoforms is in line with the
observation that multiple PDEs can impinge on the same
subcellular compartment, where they may have synergis-
tic effect® A full list of the proteins significantly enriched
in the PDE3A1, PDE3A2, and PDE2A2 interactomes is
shown in Appendix S2.

Integrated Analysis of Interactomes and
Phosphoproteomes Reveals Potential Novel
cAMP Nanodomains

Analysis of the interactome and phosphoproteome data
for a specific PDE revealed a number of proteins signif-
icantly enriched in both data sets (Table 1). If a protein
features in the interactome of a specific PDE isoform
and the phosphorylation of the same protein is selectively
enhanced by treatment with the relevant family-selective
inhibitor, it is likely that such protein pinpoints the site of a
cAMP nanodomain under the specific control of that par-
ticular PDE. In support of this notion, we found that the
SERCA2 (sarco-endoplasmic reticulum calcium ATPase
2; Atp222) appears only in the PDE3A-dependent phos-
phoproteome and in the PDE3A1 interactome (Table 1),
in agreement with previous work reporting interaction
of PDE3A with SERCA® and involvement of PDE3A in
the regulation of SERCA activity®” Similarly, the NHE1
(Na*/H* exchanger 1; Slc9al) appeared selectively in
the PDE3A phosphoproteome and in the PDE3AT1 inter-
actome, in line with evidence linking cardiac PDE3 and
regulation of NHE138 The PMCA (plasma membrane
Ca2*-ATPase; Atp2b1) appeared in the PDE2A2 inter-
actome and the PDE2A-associated phosphoproteome
exclusively, consistent with a role of PDE2A in the regu-
lation of PMCA in cardiac myocytes.®® Thus, we suggest
that the presence in both the phosphoproteome and inter-
actome data sets can be used as a criterion to prioritize
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Table 1. List of Gene Names Encoding for Proteins
Identified as Significantly Enriched in Both the
Phosphoproteome and Interactomes Data Sets

PDE3A1

PDE3A2

PDE2A2

Actn2

Chchd3

Atp2b1

Atplal

Dusp27

Banf1

Atp2a2

Fry

Canx

Atpbal

Hsp90aat

HspQ0aal

Canx

Map7d1

lgfor

Chchd3

Mtdh

Myh7

Des

Myo18a

Txinb

Dusp27

Pbxip1

Eif3c

Plec

Fam134c

Ppp2rba

Finc

Speg

Fry

Strn

Hnrnpat

Ubap2l

Hnrmpc

Ybx1

Hsp9Oaal

lgf2r

Map7d1

Matr3

Myh6

Myo18a

Npm1

Pbxip1

Plec

Ppp2rba

Rbm39

RGD1561609

Rplp0

Rplp2

Sgca

Slc9al

Speg

Strn

Stx4

Tbc1d4

Tmembba

Tin

Ubap2|

Vdacl

Xirp1

Ybx1

PDE indicates phosphodiesterase.

proteins for further validation. Application of a less strin-
gent selection criterion may, however, be equally valuable,
as cAMP signalosomes often involve complex multiprotein
assemblies and the protein phosphorylated on inhibition
of a local PDE may not necessarily interact with the PDE
itself. To identify these signalosomes, we performed gene
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Figure 2. Analysis of the PDE3A1 (phosphodiesterase 3A1), PDE3A2, and PDE2A2 interactomes.

A Volcano plot of the PDE3A1-mCherry interactome (false discovery rate [FDR], 0.03; S-zero is the fold-change threshold [SO], 1.3). B,
PDE3A2-mCherry interactome (FDR, 0.05; SO, 0.8). C, PDE2A2-mCherry interactome (FDR, 0.03; SO, 1.3). D, Area-proportional Venn diagram to
compare significant interactors in PDE3A1, PDE3A2, and PDE2A2 affinity purifications.

ontology cellular component (GOCC) term enrichment
analysis to find terms enriched simultaneously in a PDE
isoform interactome and the relevant phosphoproteome to
generate functional networks that may reveal nonobvious
cAMP nanodomains under the control of specific PDE
isoforms. GOCC analysis of our data sets showed a highly
significant enrichment for the term nucleus for PDE3 (for
the PDE3AT1 interactome: 107/6630 genes and FDR,
9.91x10™; for the PDE3A2 interactome: 68/6630
genes and FDR, 7.32x107%; for the PDE3 phosphopro-
teome: 107/6630 genes and FDR, 4.4x107'%; Appendix
S3). Next, we used the nucleus-annotated interactors
shared by PDESA1 and PDE3AZ2 and nucleus-annotated
phosphoproteins upregulated on cilostamide treatment
as input to generate a functional and physical interaction
network using STRING software with stringent settings
to pinpoint likely interactions (Figure 3). Among the inter-
actions identified, we focused on the CtBP2 (C-terminal
Binding Protein 2)/phospho-HDAC-1/SMAD4 transcrip-
tion regulatory complex for further validation and tested

Circulation Research. 2023;132:828-848. DOI: 10.1161/CIRCRESAHA.122.321448

the hypothesis that PDE3A isoforms selectively regulate
a nuclear cAMP nanodomain that involves SMAD4 and
HDAC-1 to control gene transcription and hypertrophy.

PDE3A Isoforms Localize to the Nucleus and
Form a Complex With SMAD4 and HDAC-1

We first sought to confirm the interaction between
SMAD4 and PDE3A isoforms. Western blot analysis
of RFP pulldowns obtained from NRVMs expressing
RFP-tagged PDE3A1 or PDE3A2 showed endogenous
SMAD4 in the RFP immunoprecipitate (Figure S8A).
HDAC-1 was also detected in the same immunopre-
cipitate (Figure S8A), indicating that PDE3A isoforms,
SMAD4 and HDAC-1 can be part of the same complex.
To further confirm the interaction between SMAD4 and
PDE3A, Flag-tagged SMAD4 was expressed in NRVMs
and the Flag immunoprecipitate probed with anti-PDE3A
antibody. As shown in Figure S8B, reactivity was detected
for endogenous PDE3A2 but not PDE3A1. Interaction
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Figure 3. Nuclear protein interaction network shared by PDE3A1 (phosphodiesterase 3A1) and PDE3A2.

Functional and physical interaction network of PDE3A1/A2 interactors and phosphorylated downstream proteins generated with the STRING
software. All proteins shown have been identified experimentally either in the cilostamide-dependent phosphoproteome or in the interactome
shared by PDE3A1 and PDE3A2. *Proteins found in the cilostamide-dependent PDE3A phosphoproteome. **Proteins that are both in the
cilostamide-dependent phosphoproteome and in the PDE3A isoform interactomes.

of PDE3A isoforms with SMAD4 and HDAC-1 was fur-
ther confirmed for proteins expressed at endogenous
level in NRVM, as shown inFigure 4A and 4B. At the
endogenous level, only PDE3A2 appears to be part of
the PDE3A/SMAD4/HDAC-1 complex (Figure 4A).
Interaction between endogenous PDE3A and SMAD4
is also detectable in rat tissue immunoprecipitates (Fig-
ure S8C). Further, we confirmed the interaction between
PDE3A2-RFP, endogenous SMAD4, and endogenous
HDAC-1 in ARVMs (Figure S8D) and the interaction
between PDE3A2-RFP and endogenous SMAD4 in
human cardiac myocytes differentiated from hiPSC-CMs
(Figure S8E).

Studies in other cell types have shown that while
SMAD4 is distributed both in the cytoplasm and in the
nucleus,** HDAC-1 is exclusively found in the nucleus,*'
as we confirmed in NRVM (Figure S9A). Our finding that
PDES3A isoforms coimmunoprecipitate with HDAC-1
(Figure 4A and 4B) suggests that at least a fraction of
PDE3A enzymes must localize to the nucleus. Analysis
of the PDE3A1 and PDE3A2 amino acid sequences
using the eukaryotic linear motif prediction tool (http://
elm.eu.org/) indeed identified several nuclear localiza-
tion sequence motifs and a nuclear export sequence
known as CRM1 (chromosomal maintenance 1) binding
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sequence (Figure S9B). Immunostaining of NRVM
using anti-PDE3A-specific antibodies confirmed local-
ization of PDE3A to the nucleus that was significantly
enhanced upon treatment with leptomycin B—an inhibi-
tor of CRM1-mediated nuclear export (Figure 4C; Fig-
ure S9C). Consistently, Western blot analysis of NRVM
cytosolic and nuclear fractions showed that, on aver-
age, about 30% of total PDE3A2 and 15% of total
PDES3AT1 localize to the nucleus (Figure 4D)—a fraction
that increases to 50% and 19%, respectively, upon lep-
tomycin B treatment (Figure 4D).

PDE3A Inhibition Affects HDAC-1
Phosphorylation and Activity in a PKA-
Dependent Manner

To test whether PDE3A isoforms control cAMP levels
in a nuclear nanodomain involving SMAD4 and HDAC-
1, we genetically fused the cAMP FRET reporter
CUTie* (Figure S10A) to the carboxyl terminus of
SMAD4 to generate SMAD4-CUTie (Figure S10B).
SMAD4-CUTie showed the expected nuclear localiza-
tion when expressed in HEK293 cells (Figure S10B)
and NRVMs (Figure 5A) and showed kinetics of FRET
change comparable to cytosolic CUTie (Figure S10C).
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Figure 4. PDE3A (phosphodiesterase 3A) isoforms are in a nuclear complex involving SMAD4 (SMAD family member 4) and

HDAC-1 (histone deacetylase 1).

A, Western blot analysis showing PDE3A2 and HDAC-1 in the pull down of endogenous SMAD4 obtained from neonatal rat ventricular myocyte
(NRVM) cell lysates. Representative of n=3 independent cultures. B, Detection of endogenous SMAD4 and HDAC-1 in the immunoprecipitate
obtained by pulling down endogenous PDE3A from NRVM lysates. n=3. C, Inmunostaining of endogenous PDE3A and SMAD4 in NRVM cells
treated either with DMSO (control) or with leptomycin B (LMB; 100 nmol/L) for 3 hours. Quantification of fluorescence intensity is shown on

the right. n=4 independent experiments (at least 15 cells per experiment). Mann-Whitney U test. D, Western blot analysis showing endogenous
PDE3A1 and PDE3AZ2 in the nuclear (N) and cytoplasmic (C) fractions obtained from NRVM treated with 100 nmol/L LMB or dimethyl sulfoxide
(DMSO) (control) for 3 hours. Densitometric quantification is shown on the right. Values are shown as relative to the cytosolic content and are
presented as mean+SEM. n=6 biological replicates. Wilcoxon matched pairs signed-rank test. WCL indicates whole-cell lysate.

FRET imaging of NRVM expressing SMAD4-CUTie
showed that, in the presence of isoproterenol, inhi-
bition of PDES significantly increased cAMP in the
immediate proximity of nuclear SMAD4, whereas inhi-
bition of PDE2A had no effect (Figure 5A); this is in
contrast to the bulk cytosol, where PDE2A inhibition

Circulation Research. 2023;132:828-848. DOI: 10.1161/CIRCRESAHA.122.321448

led to a significantly larger increase in cAMP than inhi-
bition of PDE3 (Figure 5A).

PKA is known to phosphorylate HDAC-1,*" but the
functional effect has not been investigated. To examine
whether inhibition of PDES results in increased phos-
phorylation of HDAC-1, NRVMs expressing Flag-tagged
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Figure 5. Inhibition of PDE3A (phosphodiesterase 3A) leads to HDAC-1 (histone deacetylase 1) phosphorylation and inhibition
of HDAC-1 deacetylase activity.

A, Representative images showing the distribution of SMAD4 (SMAD family member 4)-cAMP universal tag for imaging experiments (CUTie)
and CUTie reporters in neonatal rat ventricular myocytes (NRVMs) treated with 100 nmol/L leptomycin B (LMB) for 3 hours. Summaries of

the Férster resonance energy transfer (FRET) change detected with the 2 sensors in NRVM on application of 0.5 nmol/L isoproterenol (ISO)
followed by 10 pmol/L cilostamide (Cilo) or 100 nmol/L BAY 60-7550 (BAY) are shown on the right and are expressed as percent increase
over baseline. n=5 independent NRVM preparations. Wilcoxon matched pairs signed-rank test. B, Representative Western blot showing PKA
(protein kinase A)-dependent phosphorylation of HDAC-1 (left) and densitometric analysis of 5 independent experiments (right). HDAC-1-Flag
was immunoprecipitated from lysates obtained from NRVM treated with 0.5 nmol/L 1SO, 10 pmol/L PDE3 inhibitor Cilo, (Continued)
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HDAC-1 were treated with isoproterenol (0.5 nmol/L),
cilostamide (10 umol/L), or a saturating stimulus (256
pmol/L forskolin and 100 pmol/L IBMX). Analysis
of Flag-HDAC-1 pulldowns using a PKA phospho-
substrate antibody confirmed a significant increase
in HDAC-1 phosphorylation upon inhibition of PDE3,
similar to the phosphorylation level achieved at saturat-
ing cAMP (Figure 5B). These findings were confirmed
in ARVMs (Figure S11A) and in hiPSC-CMs (Figure
S11B). The phosphorylation of HDAC-1 on inhibition
of PDE3 was completely abolished by inhibition of PKA
with PKA inhibitor (PKI) (Figure S11A and S11B). Con-
sistently, overexpression of PDE3A isoforms in HEK293
cells drastically reduced PKA-dependent HDAC-1 phos-
phorylation (Figure S11C).

We next assessed the effect of PDE3 inhibition on
HDAC-1 activity. As shown in Figure 5C, the deacetylase
activity measured in HDAC-1-Flag pulldowns obtained
from NRVM treated with cilostamide was significantly
reduced compared with DMSO control—an effect that
was not recapitulated by inhibition of PDE2A with BAY
(Figure 5C). In line with these findings, an HDAC-1 phos-
pho-mimic mutant, where the PKA phosphorylation sites
are mutated to aspartate (HDAC-1 S4060, saaen) Showed sig-
nificantly decreased deacetylase activity compared with a
phospho-null HDAC-1 mutant, where the same residues
are mutated to alanine (HDAC—15406A‘ sasen Figure 5D).
Consistently, while inhibition of PDES significantly reduced
WT (wild type) HDAC-1 activity, cilostamide treatment had
no effect on the activity of the phospho-mimic or phospho-
null HDAC-1 mutants (Figure 5E).

If the PDE3A2/SMAD4/HDAC-1 complex consti-
tutes a nuclear nanodomain where HDAC-1 activity is
regulated by a local cAMP pool, PKA is expected to be
present within the same complex. Immunoprecipitation
experiments using cell lysates from NRVM expressing
Flag-HDAC-1 demonstrate that, in addition to PDE3A,
both catalytic and regulatory subunits of PKA are pres-
ent in the immunoprecipitate (Figure 5F). Notably, when
we used for this experiment cell lysates from HEK293
cells, which do not express detectable levels of PDE3A
endogenously,'® the regulatory subunit of PKA, but no
catalytic subunit, was detected in the HDAC-1 immu-
noprecipitate (Figure S12). By contrast, both regulatory

Mapping Nonobvious cAMP Nanodomains by Proteomics

and catalytic subunits of PKA were present in the
immunoprecipitate obtained from HEK293 cells over-
expressing PDE3A1 or PDE3A2 (Figure S12), confirm-
ing that PDE3A is required at the SMAD4/HDAC-1
nuclear complex to degrade locally cAMP and main-
tain PKA within the complex in its inactive holoenzyme
conformation.

PDE3A Inhibition Regulates GATA4 Expression

To establish whether inhibition of PDE3A affects gene
transcription, we treated NRVM with cilostamide and
measured the expression level of the transcription factor
GATA4, as this is known to be regulated by SMAD44243
and HDAC-1.# We found that PDES inhibition resulted
in upregulation of GATA4 expression, both at the mRNA
(Figure 6A) and protein (Figure 6B) levels. Consistently,
GATA4 expression was upregulated in heart tissue
obtained both from mice where the PDE3A gene was
ablated by homologous recombination*® (Figure S13A)
and from rats carrying a homozygous frameshift mutation
(A20 bp) in the PDE3A gene that results in a functional
deletion phenotype™ (Figure 6C).

GATA4 is upregulated in response to hypertrophic
stimuli, including pressure overload and f-adrenergic
activation.*? We, therefore, assessed whether inhibition of
PDE3 may regulate cardiac myocyte hypertrophic growth
in an in vitro model of cardiac hypertrophy. We found that
treatment with cilostamide was sufficient to significantly
increase cardiac myocyte cell size in NRVM (Figure S13B).
The prohypertrophic effect of PDE3 inhibition was also
confirmed in ARVM (Figure 6D and 6E) and hiPSC-CM
(Figure S13C and S13D). Consistent with the observation
that PDE3A isoforms control gene expression via interac-
tion with SMAD4 and regulation of a local nuclear pool of
cAMP, overexpression of catalytically inactive mutants of
PDE3A1 and PDE3A2 (PDE3A1-DN and PDE3A2-DN),
which exert a dominant negative effect by displacing the
endogenous active counterpart from interacting partners,*®
resulted in significantly higher GATA4 levels compared with
expression of the WT enzymes (Figure S13E). Accordingly,
PDE3A2-DN was sufficient, per se, to induce hypertro-
phic growth when expressed in NRVM (Figure S14, as
well as in ARVM (Figure 6F) and hiPSC-CM (Figure 6G).

Figure 5 Continued. a saturating cAMP stimulus (Sat, 100 umol/L 3-isobutyl-1-methylxanthine [IBMX] and 25 umol/L forskolin), or with
30 pmol/L PKA inhibitor H89. Phosphorylation level was detected with a phospho-PKA substrate antibody. For quantification, values were

normalized to the amount of HDAC-Flag in the immunoprecipitates and are presented as mean+SEM. Kruskal-Wallis test with Dunn correction
for multiple comparisons. C, Deacetylase activity of HDAC-1-Flag immunoprecipitated from NRVMS cells treated for 45 minutes with 10 pmol/L
Cilo (Sat, 20 umol/L cell-permeable PKA inhibitor [PKID) or 1 pmol/L BAY. HDAC-1 activity is normalized to the relative amount of HDAC-1-Flag
present in every sample (as shown in a representative Western blot in the bottom) and is presented as mean£SEM. n=>5 biological replicates.
Kruskal-Wallis test with Dunn correction for multiple comparisons. D, Deacetylase activity measured in HDAC-1-Flag pull downs obtained from
Human Embryonic Kidney cells 293 (HEK293) expressing wild type (WT) HDAC-1-Flag and the mutants HDAC-1, ., s,504-Flag (Al2) or HDAC-
1 sa060, saz0-F12g (Asp). Quantification as in €. n=3 independent experiments. Kruskal-Wallis test with Dunn correction for multiple comparisons.
E, Deacetylase activity measured in HDAC-1-Flag pull downs obtained from NRVM expressing WT, Ala, or Asp mutants. Quantification as in C.
n=4 independent experiments. Mann-Whitney U test. F, Western blot analysis showing PDE3A, PKA regulatory (Rlla) and catalytic (Ca) subunits
in the FLAG pull down obtained from lysates of NRVM expressing HDAC-1-Flag. Representative of 3 independent experiments. RFU indicates
relative fluorescence unit.
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Figure 6. Inhibition of PDE3A (phosphodiesterase 3A) regulates GATA4 (GATA4 binding protein 4) expression.

A, Quantitative real-time polymerase chain reaction analysis of GATA4 mRNA transcripts in neonatal rat ventricular myocyte (NRVM) cells treated
with 10 pM cilostamide (Cilo), saturating treatment (Sat, 100 umol/L 3-isobutyl-1-methylxanthine [IBMX] and 25 pmol/L forskolin) or 30 pmol/L
H89 for 2.5 hours. Bars show GATA4 mRNA values normalized to GAPDH and dimethyl sulfoxide (DMSO) treatment and are presented as
mean+SEM. n=4 biological replicates. Kruskal-Wallis test with Dunn correction for multiple comparisons. B, Western blot analysis and quantification
of GATA4 protein expression in NRVM cells treated with Cilo (10 pmol/L), H89 (30 umol/L), or saturating treatment. GAPDH served as a loading
control. Values are normalized to GAPDH and are presented as mean+SEM. n=5 biological replicates. Kruskal-Wallis test with Dunn correction for
multiple comparisons. €, Western blot analysis and quantification of endogenous GATA4 expression in cardiac tissue lysates obtained from PDE3A
knockout or wild-type control rats. Hsp90 served as a loading control and for normalization in the quantification. Values are mean+SEM. n=6
biological replicates. Mann-Whitney U test. D, Cell size measured in adult rat ventricular myocytes (ARVMs) either untreated or treated with Cilo (10
mmol/L) or NE (10 umol/L) for 24 hours. Values are normalized to DMSO control and expressed as mean£SEM. n=5 independent experiments
(at least 241 cells per condition). Normality of log-transformed data was tested with Anderson-Darling test. (Continued)
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Unexpectedly, expression of PDE3A1-DN showed no
effect on the size of otherwise untreated cardiac myo-
cytes (Figure S14; Figure 6F and 6G) while it completely
reversed the hypertrophy induced by norepinephrine—a
well-established prohypertrophic stimulus (Figure S14;
Figure 6F and 6G). These findings suggest that displace-
ment of PDE3A1 from locations distinct from the SMAD4/
HDAC-1 complex overrides the effect of any displacement
of PDE3A from the nuclear SMAD4/HDAC-1 nanodo-
main and triggers instead a response that inhibits norepi-
nephrine-induced hypertrophic growth.

PDES3 Inhibition Leads to Hypertrophy via
Regulation of HDAC-1 Phosphorylation

Histone deacetylation by HDACs is generally associ-
ated with repression of gene expression.*” Consistently,
HDAC-1 overexpression in NRVM resulted in decreased
GATA4 expression (Figure 7A). This effect was coun-
teracted by inhibition of PDE3A in a PKA-dependent
fashion (Figure 7B). Further confirming that PKA-
dependent phosphorylation inhibits HDAC-1 activity
with impact on gene transcription, NRVM expressing the
phospho-mimic HDAC-1g,.., 54560 Mutant showed sig-
nificantly higher GATA4 expression compared with cells
expressing the phospho-null HDAC-1g, ¢ «,q0, mutant
(Figure 7C). Notably, overexpression of the phospho-
null HDAC-1g, 0, 4560 Mutant completely blocked the
effect of cilostamide or norepinephrine on hypertrophic
growth, whereas overexpression of the phospho-mimic
HDAC-1,, 160 s4360 Mutant was sufficient per se to induce
hypertrophy, to a similar degree as cilostamide or nor-
epinephrine (Figure 7D), confirming that the effect of
PDES3A inhibition on cardiac myocyte size relies on the
PKA-dependent phosphorylation of HDAC-1.

DISCUSSION

Cardiac myocytes express >100 different GPCRs (G-pro-
tein—coupled receptors), many of which regulate cell func-
tion primarily via the generation of cAMP*® Specificity of
response is achieved via subcellular compartmentaliza-
tion where PDEs play a key role by differentially hydro-
lyzing cAMP and generating multiple nanodomains with
different cAMP concentration. The functional relevance
of cAMP compartmentalization is illustrated in the heart
by the ability of cAMP to relay sympathetic signals with

Mapping Nonobvious cAMP Nanodomains by Proteomics

exacting precision and no interference from the myriad of
other cAMP-modulated processes that are independent
of, but run concurrently with, 3-adrenergic regulation of
cardiac myocyte contraction and relaxation.**® Spillage
of information among these parallel pathways is avoided
through coordinated spatial and temporal regulation of
the multiple coexisting cAMP nanodomains.

Only a limited number of cardiac cAMP nanodomains,
which primarily involve some of the prototypical cardiac
targets of B-adrenergic stimulation, have been charac-
terized so far, leaving the global landscape of subcel-
lular cAMP nanodomain largely undefined. Genetically
encoded fluorescent reporters have recently provided
unequivocal evidence that the size of subcellular cAMP
nanodomains is below the resolution of optical micros-
copy.*® Visualization of cAMP domains, therefore, relies
on the ability to target the cAMP probe within the domain
itself,*8'® making identification and characterization of
novel cAMP nanodomains difficult when previous knowl-
edge of their subcellular location is not available.

To overcome this limitation, and with the view that indi-
vidual PDEs can serve as signposts to denote nanodo-
mains with distinct regulation of cAMP, we adopted
a proteomics approach that integrates the analysis
of the interactome of a specific PDE isoform with the
analysis of the phosphoproteome associated with inhibi-
tion of that PDE to identify previously unknown cAMP
nanodomains associated with sympathetic signaling. We
focused on PDE3A-regulated nanodomains, anticipating
that knowledge of where these domains are located may
help identify pathways involved in the long-term adverse
cardiac effects observed in patients with HF receiv-
ing PDES inhibitors. For comparison, we investigated
the nanodomains associated with PDE2A2, the inhibi-
tion of which has been associated with cardioprotective
effects.*®®" Our analysis demonstrates that these PDEs
operate largely in distinct subcellular locations and,
therefore, define sites undergoing unique regulation of
cAMP. In addition to providing information on the subcel-
lular location, this strategy has the advantage of reveal-
ing molecular cues that can be useful to inform further
mechanistic studies to establish the function associated
with specific nanodomains. In addition, by integrating
information on the identity of PDE binding partners with
information on the identity of PDE phosphorylation tar-
gets, this approach reveals nonobvious interactions that
could go unnoticed or be neglected. Extended to other

Figure 6 Continued. Pvalues were determined by a hierarchical significance test using log-transformed data followed by Bonferroni

correction. E, Quantification by Western blot analysis of hypertrophy markers protein expression level in samples as shown in D. n=5 independent
experiments. Kruskal-Wallis test with Dunn's correction. F, Cell size measured in ARVM expressing mCherry (control) or the catalytically inactive
mutant PDE3A1-DN-RFP or PDE3A2-DN-RFP (left) and treated as indicated for 24 hours. n=5 independent experiments (at least 53 cells per
condition). Normality was established by the Anderson-Darling test. Hierarchical significance analysis with final Bonferroni correction for multiple
comparisons. G, Cell size measured in human induced pluripotent stem cell-derived cardiomyocytes (hiPSC-CM) expressing mCherry (control)

or the catalytically inactive mutant PDE3A1-DN-RFP or PDE3A2-DN-RFP (left) and treated as indicated for 48 hours. n=6 independent
experiments (6 different differentiations of 3 independent hiPSC lines, at least 231 cells per condition). P values were determined by hierarchical
significance test using log-transformed data followed by Bonferroni correction.
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Figure 7. Inhibition of PDE3A (phosphodiesterase 3A) affects cardiac myocyte hypertrophic growth.

A, Western blot analysis and densitometric quantification of GATA4 (GATA binding protein 4) expression in cells overexpressing HDAC-1 (histone
deacetylase 1)-Flag. Values are normalized to GAPDH and presented as mean£SEM. n=b biological replicates. Mann-Whitney U test. B, Western
blot analysis and quantification showing expression of GATA4 in neonatal rat ventricular myocyte (NRVM) cells overexpressing HDAC-1-Flag and
treated with cilostamide (Cilo; 10 pmol/L), saturating cAMP (Sat, 100 pmol/L 3-isobutyl-1-methylxanthine [IBMX] and 25 pmol/L forskolin) of
PKA inhibitor (PKI; 20 umol/L). n=6 biological replicates. Values are normalized to GAPDH and to Flag signal and are presented as mean+SEM.
Friedman test and Dunn correction for multiple comparisons. C, Western blot analysis and quantification showing expression of GATA4 in NRVM
cells overexpressing HDAC-1-Flag (wild type [WT]), the phospho-null mutant HDAC-1, ., ,25,-Flag (Ala), or the phospho-mimic mutant
HDAC-1¢,060-s4360-F12g (Asp). GAPDH was used as a loading control. For quantification, values were normalized to GAPDH and Flag signal

and are expressed as means+SEM. n=b5 independent experiments. Kruskal-Wallis test with Dunn's correction for multiple comparisons. D, Cell
size measured in NRVM expressing mCherry, HDAC-1, ., c,aea-Flag (S>A), or HDAC-1, . < 16o-Flag (S>D) and treated with DMSO, Cilo (10
pmol/L), or NE (10 umol/L) for 48 hours. Values are expressed as fold change relative to untransfected and dimethy! sulfoxide (DMSO) treated
within the same transfection group and are presented as mean+SEM. n=6 independent experiments (Continued)
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PDE isoforms, this strategy can define the full topogra-
phy of cAMP nanodomains associated with 3-adrenergic
stimulation in cardiac myocytes. A similar approach can
be applied to dissect the cAMP nanodomain landscape
associated with other GPCRs and ligands and to estab-
lish how cAMP nanodomains are affected in pathological
conditions. Given the ubiquitous role of cAMP signaling
in all organs and systems, the same strategy is applicable
to dissect local cAMP signaling in other cell types.

Our investigation yielded a set of individual proteins
that are simultaneously present in the interactome and
in the phosphoproteome associated specifically with
either PDE3A or PDE2A, strongly indicating that these
proteins pinpoint specific cAMP nanodomains; valida-
tion of these nanodomains is currently undergoing. To
capture additional PDE3A-dependent cAMP nanodo-
mains, we exploited GOCC annotation and found that the
term nucleus was highly enriched in both PDE3A1 and
PDESAZ2 interactomes and in the cilostamide-associated
phosphoproteome. Among the nucleus-annotated pro-
teins, we selected the CtBP2, phospho-HDAC-1, and
SMAD4 interaction for further analysis as these proteins
form a complex that acts downstream of TGF-f (transcrip-
tion growth factor beta).®2-%° Notably, TGF-f is associated
with cardiac hypertrophy, fibrosis, and conduction abnor-
malities,**® all features that characterize the long-term
detrimental effect that PDES inhibitors have in patients
with HF. Collectively, our results demonstrate the pres-
ence of a cAMP nanodomain localized to the nucleus of
cardiac myocytes where PDE3A2 forms a complex with
SMAD4 and HDAC-1. The local increase in cAMP elic-
ited by PDE3 inhibition enhances PKA-dependent phos-
phorylation of HDAC-1 and inhibition of its deacetylase
activity. This results in derepression of prohypertrophic
gene transcription and cardiac myocyte hypertrophy (Fig-
ure 7C). Previous studies suggest that enhanced apopto-
sis mediated by ICER (inducible cAMP early repressor)
contributes to the adverse effects of PDE3 inhibition.%”
Although ICER does not appear in the PDE3A interac-
tomes identified in this study, HDAC-1 recruitment has
been associated with ICER repressor activity.®® It is, there-
fore, possible that a nuclear nanodomain that includes
HDAC-1 controls both the prohypertrophic and proapop-
totic effects of PDE3 inhibition and that both these effects
participate in the progression of adverse cardiac remodel-
ing. Our observation that the PDE3A2/SMAD4/HDAC-1
nanodomain also operates in human cardiac myocytes dif-
ferentiated from 4 independent pluripotent stem cell lines
indicates that this pathway may contribute to the negative

Mapping Nonobvious cAMP Nanodomains by Proteomics

long-term clinical outcome observed in patients with HF
receiving PDE3 inhibitors. In support of the relevance of
the nuclear PDE3A2/SMAD4/HDAC-1 nanodomain in
vivo, a recent characterization of the PDE3A functional
deletion rat model'® shows that, upon chronic 3-AR chal-
lenge, the same degree of cardiac remodeling is observed
in knockout and in WT rats, despite the knockout ani-
mals displaying significantly lower blood pressure (Figure
S15),% indicating that, in vivo, loss of PDE3A sensitizes
the animals to cardiac stress.

The findings presented here provide an explanation
for the apparently conflicting data on the role of PDE3A
in heart disease, where both elevation®® and reduction®”
of PDE3A expression and activity have been associ-
ated with HF and both ablation® and overexpression®
of PDES3A isoforms have been reported to provide car-
dioprotective effects. Most studies so far have not inves-
tigated the role of specific PDE3A isoforms in cardiac
disease, and it will be interesting to explore in the future
whether the changes in the level of PDE3A expression
associated with HF involve individual isoforms. Car-
diac overexpression of PDE3AT has been reported to
associate with cardiac remodeling but also to confer
cardioprotection to ischemia-reperfusion.®’ Our results
indicate that these opposing effects could be mediated
by PDE3A1 regulating cAMP at multiple nanodomains.
Our findings also indicate that overexpression may force
interactions that, although possible, do not occur when
the protein is expressed at an endogenous level. PDE3A1
and PDE3AZ2 are expressed from the same gene from
alternative start sites, and their amino acid sequence
is identical except for a unique N-terminal domain in
PDE3A1.52 We find that, when overexpressed, PDE3A1
can interact with SMAD4/HDAC-1, suggesting that this
interaction involves the conserved C-terminal sequence
shared by PDE3A1 and PDE3A2. Consistently, overex-
pression of PDE3A1-DN, which only differs from the WT
counterpart by 2 amino acid substitutions in the cata-
lytic site, can displace endogenous PDE3A2 from the
SMAD4/HDAC-1 complex and enhance GATA4 expres-
sion (Figure S13E). However, when expressed at endog-
enous levels, PDE3AT1 is not associated with SMAD4/
HDAC-1. Our findings show that endogenous PDE3A1
controls cAMP at sites distinct from the SMAD4/
HDAC-1 nuclear complex and that >1 of these sites
are associated with antihypertrophic effects. Displace-
ment of PDE3A1 from those locations has a dominant
effect over displacement of PDE3A2 from the SMAD4/
HDAC-1 domain, as demonstrated by the complete

Figure 7 Continued. (6 different differentiations from 3 independent human induced pluripotent stem cell lines, at least 27 cells per condition).
Anderson-Darling log normality test and hierarchical analysis of log-transformed data followed by Bonferroni correction. E, Schematic illustration
of the PDE3A/SMAD4 (SMAD family member 4)/HDAC-1 nuclear ND. Top, With active PDE3A2 at the SMAD4/HDAC-1 nuclear complex
cAMP levels are locally low and PKA (protein kinase A) is inactive. HDAC-1 deacetylates histones, repressing expression of prohypertrophic
genes. Bottom, Inhibition of PDE3A or displacement of PDE3AZ2 results in a local increase in cAMP, activation of local PKA, and phosphorylation
of HDAC-1, leading to inhibition of its deacetylase activity. As a result, transcription of prohypertrophic genes is enhanced, leading to cardiac
myocyte hypertrophy. Some elements used in E have been generated using BioRender.com.
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reversal of hypertrophy we observe on overexpression of
PDE3A1-DN. By contrast, overexpression of PDE3A2-
DN does not displace endogenous PDE3A1 from the
locations that protect from hypertrophy. This suggests
that anchoring of PDE3A1 at those extranuclear sites
involves its unique N-terminal domain. Further studies
will be necessary to identify the location associated with
the protective effect of PDE3AT displacement, and the
PDE3A1-selective nanodomains identified in this study
by our integrated proteomics analysis provides a list of
candidates for these investigations. The identification
of these sites may open the possibility to selectively
modulate cAMP at those sites, with potential therapeutic
applications.

Recent studies have challenged the classic paradigm
that PKA-dependent regulation of gene expression relies
on cytosolic activation of PKA and subsequent diffusion
of active catalytic subunits to the nucleus by providing
evidence of a nuclear subset of PKA holoenzyme®®* that
responds to a nuclear pool of cAMB® although proof that
this nuclear cAMP/PKA domain regulates gene tran-
scription has been lacking. Our work significantly expands
our understanding of PKA signaling and regulation by
providing direct evidence that a nuclear cAMP/PKA
domain under the control of PDE3A2 controls expression
of prohypertrophic genes. Notably, our data show that
the PDE3A activity at the SMAD4/HDAC-1 nanodo-
main is sufficient to prevent phosphorylation of HDAC-1
in response to subnanomolar concentrations of isopro-
terenol (Figure 5B; Figure S11B). This indicates that
PDESA2 at this site provides a local shielding mechanism
that protects cardiac myocytes from hypertrophic growth
when B-adrenergic stimulation executes the physiological
control of cardiac contraction and relaxation.
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