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Abstract: Phosphodiesterase 3A (PDE3A) hydrolyses cAMP, adjusting cAMP signalling
pathways with temporal and spatial accuracy. PDE3A contributes to the control of cAMP in
several cellular compartments, including the plasma membrane, the cytosol, or membrane-
limited organelles such as the nucleus and the sarcoplasmic reticulum. Through this ability
and its expression in various cell types, it regulates a variety of cellular processes like con-
tractility of muscle cells, gene expression, differentiation and proliferation. Dysregulated
cAMP signalling causes or is associated with diseases. The therapeutic potential of PDE3A
is, however, limited by the lack of specific modulators. Emerging approaches to targeting
PDE3A centre on specifically addressing its catalytic domain or its cellular localisation.
This review highlights the growing knowledge of PDE3A’s functions in cellular signalling
and therapeutic opportunities, opening the door to more fully utilise its potential for the
treatment of disease.
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1. Introduction

Cyclic nucleotides (cNTs), such as cyclic adenosine monophosphate (cAMP) and cyclic
guanosine monophosphate (cGMP), initiate cellular signalling processes that direct vital
functions, e.g., muscle cell contractility, cell differentiation and proliferation or metabolic
processes. cNTs are ubiquitous and the specificity in their coordination of cellular processes
depends on their compartmentalisation. Phosphodiesterases (PDEs) play a critical role in
organising this compartmentalisation by terminating cNT signalling through hydrolysis
to 5’-monophosphate forms [1-7]. They either directly associate with a cellular compart-
ment, such as the nucleus or the plasma membrane or they are tethered by anchoring
proteins, such as A-kinase anchoring proteins (AKAPs) [8-11]. PDEs are constitutively
active and thereby maintain a low level of cNTs in their vicinity, limiting their diffusion. If
the stimulation of cells with agonists induces cNT generation above threshold concentra-
tions, cNTs hydrolysis by PDEs is overcome and ¢NTs can initiate downstream signalling.
PDEs are encoded by 21 genes that give rise to 11 families (PDE1-11) of PDEs with more
than 100 enzyme isoforms (Figure 1). The PDE4, PDE7 and PDES family enzymes specifi-
cally hydrolyse cAMP, the PDE5, PDE6 and PDE9 families are cGMP-specific, while the
PDE1, PDE2, PDE3, PDE10 and PDE11 family members hydrolyse both cAMP and cGMP
(Table 1) [12-15]. The individual enzymes differ in structure, regulation, location and
pharmacological properties. The different PDE families and crosstalk between members
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of the different families have recently been discussed in detail in two excellent review
articles [6,7].

Based on recent elucidations of novel aspects of PDE3A functions and its therapeutic
potential, this review focusses on how PDE3A’s compartment-specific regulation of cAMP
is essential for preserving cellular and physiological balance. The therapeutic potential
of the enzyme is highlighted and the need for next-generation strategies to overcome
the limitations of traditional treatments directed non-selectively at the PDE3 family is
pointed out.
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Figure 1. Overview of PDE families 1-11. PDEs hydrolyse cAMP, cGMP or both (dual-specificity;
Table 1). Each PDE isoform contains a conserved catalytic domain (red) but exhibits diversity in
regulatory domains, localisation signals and post-translational modifications. Calmodulin-binding
domains bind Ca®*/calmodulin to increase activity. GAF (cGMP-binding ubiquitous motif) domains
function as regulatory domains that bind cyclic nucleotides to modulate activity, sense cellular
signals and influence localisation. Transmembrane domains mediate membrane localisation. UCR
(upstream conversed region) domains mediate dimerization and regulatory interactions. Targeting
domains direct cellular localisation and protein interactions. The REC (Signal regulatory) and PAS
(PerARNT-Sim) domains serve as sensors of cellular stimuli. PAT-7 (7-residue nuclear localisation
signal) may influence tissue-specific expression or protein interactions. The positioning and the
specific domains of each PDE contribute to the distinct regulatory properties and cellular functions of
each PDE. Adapted from Fu et al. [6]. Figure prepared with BioRender.com.
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Table 1. Substrate specificities of PDE families 1-11. PDEs hydrolyse cAMP, cGMP or both
(dual-specific).

PDE Family Hydrolyses cAMP Hydrolyses cGMP
PDE1 Vv Vv
PDE2 Vv Vv
PDE3 Vv V4
PDE4 vV X
PDE5 X Vv
PDE6 X Vv
PDE7 Vv X
PDES8 Vv X
PDE9 X Vv
PDE10 Vv Vv
PDE11 vV Vv

2. Structural and Functional Insights into PDE3A
2.1. PDE3A Structure and Isoforms

PDE3A, together with PDE3B, forms the PDE3 family. The single PDE3A gene on
chromosome 12p12.2 gives rise to three PDE3A enzyme isoforms, PDE3A1, A2 and A3
through alternative splicing (Figure 2).

Chr12 (p12.2)

Full length PDE3A

Regulatory domain Catalytic domain
I I
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146 NHR1 NHR2 CNR

N DD e C PDE3A2
300
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Figure 2. Schematic representation of the PDE3A gene and the encoded PDE3A1, PDE3A2 and
PDE3A3 enzyme isoforms. The chromosomal location of the gene (p12.2) and the exons (blue) are
indicated. The full-length PDE3A protein (1141 amino acids) and the isoforms are depicted and
the regulatory and catalytic domains are highlighted. The three PDE3A isoforms show variations
in their N-terminal regions while maintaining identical catalytic domains (red). NHR, N-terminal
hydrophobic regions 1 and 2 (green and blue, respectively); CNR, common N-terminal region
(purple) [6]. Figure prepared with BioRender.com.

The catalytic domains (amino acids 665-1141 in PDE3A1) are identical in all three
PDE3A isoforms. The isoforms differ in the lengths of their N termini (Figure 2). The
N-terminal hydrophobic regions (NHR) 1 and 2 direct PDE3A1 and 2 to lipid membranes,
while an NHR is missing from PDE3A3, which therefore is found cytosolic. However, the
localisation of PDE3A is not fully understood. PDE3A1 and A2 despite their NHRs are
both membrane-associated and cytosolic, e.g., in HEK293 cells [16,17].
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PDEB3B is encoded by a single gene on chromosome 11p15.1 and gives rise to a sin-
gle isoform. While the N termini of PDE3A and PDE3B share 35% sequence identity,
47% sequences similarity and 28% gaps, their catalytic domains display 64% sequence
identity, 78% sequence similarity and 14% gaps (Figure 3). Both PDE3A and PDE3B are
competitively inhibited by cGMP and hydrolyse cAMP. The affinity for cAMP and cGMP is
similar (K = 0.1-0.8 umol/L); the Vimax for cAMP is 4-10 times higher than for cGMP. The

inhibition constant (K;) of cGMP is around 0.06 uM [18].
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Figure 3. Sequence alignment of full-length human PDE3A and PDE3B. Identical amino acids are
in red, while similar residues are shown in blue. Gaps in the alignment are indicated by dashes (-),
representing regions of sequence divergence. The regulatory domain extends up to residue 664,
while the catalytic domain starts after residue 664. The numbering is based on the PDE3A1 sequence.
The consensus sequence is displayed at the bottom. The sequence alignment was adapted from
PDE3A and PDE3B UniProt sequences (IDs Q14432 and Q13370, respectively) using multalin (http:
/ /multalin.toulouse.inra.fr/multalin/) (accessed on 28 March 2000) [19].
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2.2. Phosphorylations Control PDE3A Function and Location

The PDE3A isoforms contain several phosphorylation sites N- and C-terminally from
their catalytic domain [20-22] (Figure 4). The phosphorylations of serine (Ser)290-292,
Ser312, Ser428, Ser438, Serd65, Serd92, Ser520, Ser524, Ser528, T568 and S654 have been
identified experimentally [23,24] and by computational predictions (www.phosphosite.
org) but their function is largely unclear (Figure 4, Table 2). Understanding such post-
translational modifications is essential for clarifying PDE3A’s function in cellular signalling
and their potential as a therapeutic target.

Total number of references

. 1 s in % o

T TTITITIT I PDEase_|

100 200 300 400 500 600 700 800 900 1000 1100
Residue number

Figure 4. Post-translational modifications (PTM) of human PDE3A. The diagram illustrates the
distribution of phosphorylation (blue circles) and ubiquitination (brown circles) sites along the
PDE3A1 amino acid sequence, annotated by the residue number on the x-axis, and the sky blue
boxes with “T” denote transmembrane helixes positions. The y-axis denotes numbers of references
reporting each PTM site, based on aggregated phospho- and ubiquitylome datasets. The PDE3A
catalytic domain (PDEase) is highlighted in orange. Multiple serine, threonine, and tyrosine residues
across the protein may be phosphorylated; they appear particularly clustered between residues 300
and 600. Ubiquitination sites are dispersed but as opposed to phosphorylation sites are also located
in the catalytic domain. This figure was generated using curated data from the PhosphoSitePlus
database (www.phosphosite.org).

The phosphorylation pattern of PDE3A changes in response to extracellular cues,
such as agonists that stimulate G protein-coupled receptors, which cause activation of
stimulatory G proteins (Gg). Activated Gg stimulates adenylyl cyclases to synthesise cAMP.
The cAMP activates its effectors, the main effector protein kinase A (PKA) [25], but also ex-
change proteins activated by cAMP (Epacl and 2) [26], Popeye domain-containing (Popdc)
proteins [27] and cyclic nucleotide-gated ion (CNGC) and hyperpolarization-activated
cyclic nucleotide-gated (HCNC) channels [28]. Agonists stimulating other receptors, such
as those coupled to the G protein Gq, lead to activation of other pathways and kinases, e.g.,
protein kinase C (PKC) in the case of Gq activation.

Several kinases, including PKA, PKC, protein kinase G (PKG) and protein kinase B
(PKB/Akt) phosphorylate PDE3A (Table 2). Akt/PKB phosphorylates it at the Ser290-292
cluster. Akt-dependent PDE3A phosphorylation leads to its activation and reduces the
intracellular cAMP level, which allows oocytes to resume the meiosis process; PDE3A
unphosphorylated at the cluster results in meiotic arrest in oocytes [29].
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Table 2. PDE3A phosphorylation sites, the kinase phosphorylating them and the function. The
numbering of the phosphorylation sites relates to the amino acid sequence of PDE3AL1.

Phosphorylation Site  Kinase/Mediator ~ Cellular Function/Outcome Citation
Phosphorylation increases PDE3A
. activity and regulates oocyte
Ser290-292 Akt (PKB) maturation in response to PI3K [29]
signalling.

Enhances catalytic activity of
PDE3A; involved in feedback

Ser312 PKA regulation of cAMP levels. [30-52]
Induces binding of 14-3-3 proteins.

Facilitates binding to 14-3-3
Ser428 PKC proteins; may influence PDE3A [30-32]
localization and stability.

Promotes 14-3-3 binding;
Ser438 PKC associated with increased PDE3A [30-32]
activity in [30-32] platelets.

Associated with 14-3-3 interaction

Ser465 PKC and activation during platelet [30-32]
activation.
Correlates with enhanced PDE3A
Ser492 PKC activity; 14-3-3 binding during [30-32]
platelet activation.
WWW.
Ser520 Unknown Unclear phosphosite.org
Ser524 Unknown Unclear th‘fv'h .
phosphosite.org
WWW.
Ser528 Unknown Unclear phosphosite.org
Regulatory role and mediates
Ser654 PKG proteasomal degradation of [33]

PDE3A.

Exposure of HEK293 cells to the (3-adrenergic receptor (3 AR) agonist isoproterenol
and hence activation of PKA led to phosphorylation of PDE3A1 at S312. The phospho-
rylation therefore creates a negative feedback loop that lowers intracellular cAMP and
PKA activity [31]. Activation of PKC with phorbol 12-myristate 13-acetate (PMA) led to
phosphorylation of PDE3A2 at 5428 [31,32]. The phosphorylation of PDE3A1 at S312 or
5428 did not affect its activity. However, the phosphorylation of 5428 stimulated PDE3A2
activity [31]. The increased 5428 phosphorylation and PDE3A2 activity was consistent with
the observation that hyperactivity-causing PDE3A mutations [17,20] were associated with
increased 5428 phosphorylation in HeLa and HEK?293 cells [16,34]. Both phosphorylation
of 5312 and 5428 induced 14-3-3 binding [31].

When platelets are activated by agonists like thrombin or the peptide SFLLRN, a PAR-1
agonist, PKC phosphorylates Ser438, Ser465, and Ser492 and 14-3-3 binding to PDE3A
increases. The interaction is associated with increased PDE3A activity [30,32]. PKC is
predominately activated through Gq and downstream Ca?* and diacylglycerol (DAG) but
not cAMP. Thus, crosstalk via PKC can increase PDE3A-mediated cAMP hydrolysis and
thereby terminate cAMP signalling and facilitating the return to baseline cAMP levels.

PKG phosphorylates PDE3A at Ser654 in endothelial cell which increases the cAMP
level by disrupting the interaction of PDE3A with HSP90 and leads to its ubiquitin-mediated
proteasomal degradation [33]. Prediction by PhosphoSite (www.phosphosite.org) has de-
tected several ubiquitylation sites on PDE3A (Figure 4) which could facilitate the ubiquitin
ligases-mediated ubiquitination and proteasomal degradation of PDE3A.

PDE3A’s subcellular location influences its phosphorylation, which in turn may have
an impact on its localisation. PKA, PDE3A and their substrates are brought together by
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compartment-specific signalling platforms, such as those involving AKAPs, which spatially
limits phosphorylation events [35]. For example, in case of cardiomyocytes AKAP18
interacts with PDE3A near the sarcoplasmic reticulum (SR) at the SR Ca?* ATPase 2a
(SERCAZ2a) complex (see below Figure 5). Phosphorylation of PDE3A1 by PKA enhances
its association with this complex. PDE3A phosphorylation and activity are negatively
impacted by disruption of AKAP-PKA interactions [36,37]. In human platelets, AKAP7
forms a complex with PDE3A and PKA in the cytosol. In response to prostacyclin, PGI,,
this complex alters cAMP levels in the cytosol, which impacts platelet activation [22].
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Figure 5. PDE3A compartments in cardiomyocytes. Sarcoplasmic reticulum Ca?* ATPase (SERCA)

2a-mediated Ca®* reuptake from the cytosol into the sarcoplasmic reticulum of cardiomyocytes. Left:
protein complex organised by AKAP18 comprising SERCA2a, phospholamban (PLN), protein kinase
A (PKA) and PDE3A under basal conditions when SERCAZ2a is inhibited by binding of PLN. Elevation
of cAMP causes PKA activation, PKA phosphorylation of PLN, dissociation of PLN and PDE3A and
activation of SERCA2a. Activated SERCA2a pumps Ca?* into the SR during diastole [6]. Right: In
the nucleus, PDE3A2 hydrolyses cAMP and thereby controls PKA activity and hypertrophic gene
expression through a histone deacetylase 1 (HDAC-1)-SMAD family member 4 (SMAD4) complex.
For details see text. Figure prepared with BioRender.com.

Apart from AKAPs, PDE3A interacts with the guanine nucleotide exchange factors
BIG1 and BIG2, which are involved in vesicular trafficking in HeLa cells. This interaction
positions PDE3A as a potential regulator of ADP-ribosylation factor 1 (ARF1) activity and
membrane trafficking, as it co-localises with BIG1/2 at the Golgi and endosomal mem-
branes. Their scaffold-like properties suggest that BIG1 and BIG2 facilitate the anchoring
of PDE3A to specific subcellular compartments. However, the phosphorylation status of
PDE3A in these compartments within HeLa cells remains unknown [38]. Additionally,
PDE3A’s phosphorylation-induced conformational changes may modify how it interacts
with membranes or anchoring partners, changing its spatiotemporal regulation of cAMP
signalling [39].

Opverall, it appears as if the phosphorylations mainly regulate PDE3A activity and inter-
actions with scaffolding proteins like AKAPs, BIG1 and BIG2 which determine the cellular
compartmentalisation of PDE3A. The ubiquitination regulates proteasomal degradation of
PDE3A [33].
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2.3. PDE3A Expression Pattern: Distinct PDE3A Compartments in the Same Cell

The expression pattern of PDE3A and B differ (Tables 3 and 4). PDE3A is expressed
in various cell types (Table 4) and located in several cellular compartments, including
the plasma membrane, the cytosol and membrane-limited organelles such as the nucleus
and the SR; PDE3A controls the amplitude and duration of cAMP signalling at these
locations [40,41].

Table 3. PDE3B: Expression pattern, cellular location and key functions.

Subcellular

Cell Type Expression Key Functions Localisation Reference
Regulates lipolysis by
High expressionin  hydrolysing cAMP, Caveolae,
Adipocytes white and brown  affecting endoplasmic [42,43]
adipose tissue hormone-sensitive lipase ~ reticulum
activity

Regulates glucose and

Expressed in liver lipid metabolism;

Hepatocytes deficiency leads to Caveolae, smooth [44]
cells . . R
gluconeogenesis and lipid
accumulation
Modulates insulin
. secretion by regulating Plasma membrane, |,
Pancreatic 3-cells Moderate ¢AMP involved in granule insulin granules [45]
exocytosis
Regulating AECs adhesion,
Atrial endothelial . spreading and tubular /
cells (AECs) Highly expressed formation; vital for Plasma membrane  [46]

angiogenesis

Table 4. PDE3A: Expression pattern, cellular location and key functions.

Cell Type Expression Key Functions Egl’:ﬁllalgi; References
Regulates vascular tone;
Vascular smooth . inhibition causes Plasma membrane, /
muscle cells High vasodilation and lowers cytosol [47-49]
blood pressure
Modulates cardiac
Cardiomyocytes High contractility and cAMP SR, cytosol, nucleus [47,50,51]
signalling
Inhibits aggregation via Plasma membrane,
Platelets Moderate cAMP signalling cytosol [52]
Human aortic . .
endothelial cells II(/?(;Z{ et?ate Regulatgs endot.hehal barrier Plet;smell membrane, [53]
(HAECs) and angiogenesis cytoso
Maintains meiotic arrest; Cytoplasm near
Oocytes High inhibition resumes meiosis  Plasma membrane,  [54]
perinuclear
. Involved in vasodilation; Cytoplasm,
Ptﬁmonary arterial %\_I/Ifckllerate to target in pulmonary membrane- [48,55,56]
cells & hypertension associated
Possible modulation of .
. . Not well defined, )
T-lymphocytes Low cAMP-mediated immune likely cytosolic [47,57]

responses

Cancer stem cells

(breast cancer),

intestinal cancer

cells, myxoid Aberrant/High

Nuclear and

Promotes proliferation and cytoplasmic [2,7,58-63]

liposarccoma (SA4, survival (context-dependent)
GOT3), cervical
cancer (HeLa cells)
. Neuronal signalling,
B belum, . . Pl brane, )
B é?tlgxfcfzfleb:ulirrlr)l Moderately ggcr)rtleacg;on against neural cy?(s)rs?)? membrane, ¢ o1

PDE3A in cardiomyocytes exemplifies how a single enzyme controls cAMP in distinct
cellular compartments, the plasma membrane (sarcolemma), the cytoplasm (sarcoplasm),
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nucleus and the SR. PDE3A plays a critical role in regulating cardiac contractility. Contrac-
tion of cardiomyocytes, which mediates cardiac contraction, is induced by the elevation
of cytosolic Ca*. Ca?* influx via L-type voltage-gated Ca?* channels (Cay1.2; LTCC)
enhances cytosolic Ca?* directly and indirectly through Ca?*-induced Ca?* release from
the SR, the intracellular Ca* store, through opening of SR-located ryanodine type 2 re-
ceptors (RyRy). Relaxation (diastole) is induced by the removal of Ca?* from the cytosol
through reuptake into the SR by SERCA2a and efflux from the cells through ion trans-
porters. The stress hormone adrenaline and the neurotransmitter noradrenaline greatly
enhance Cay1.2 currents and thereby cardiac contractility via activation of ARs, ;AR and
B2AR, at the plasma membrane and downstream signalling in defined cellular compart-
ments. Increased 3 AR-Cay1.2 signalling is a fundamental physiological process underlying
the “fight-or-flight” response. BAR activation causes a rise in cAMDP, triggering the ac-
tivation of PKA [67-71]. By phosphorylating a number of downstream targets, PKA
enhances Ca®* cycling and cardiac contractility, causing positive inotropic, lusitropic, dro-
motropic and chronotropic responses that adjust the cardiac output to meet increased
physiological demands.

PDES3, and also PDE4, are part of 3 AR-related signalosomes in cardiomyocytes, and
both contribute to the termination of BAR signalling. Microscopic analyses based on
biosensors and Forster resonance energy transfer (FRET) revealed that PDE3 is located in
non-lipid raft sarcolemma regions and contributes to regulating fAR signalling. However,
it is not clear whether this involves PDE3A or/and 3B [72].

Phospholamban (PLN) inhibits SERCA2a and thereby lowers Ca?* reuptake into the
SR during diastole (Figure 5). The phosphorylation of PLN is induced by PKA in response
to BAR stimulation at Ser16, relieving its inhibitory action on SERCA2a. This SERCA2a
activation enhances Ca?* sequestration into the SR. PKA and PLN together with PDE3A
are tethered to the SR membrane in the vicinity of SERCA2a by AKAP18 (Figure 5) [37,73].
PDE3A at the complex hydrolyses cAMP to limit PKA activity locally and thus the phos-
phorylation of PLN [74-79]. Mutations of the PDE3A gene causing hyperactivity of PDE3A
reduced the phosphorylation of PLN at Ser16 in rat hearts, confirming the involvement of
PDE3A in the control of local cAMP, PKA activity, PLN Ser16 phosphorylation and thus of
Ca%* reuptake into the SR during diastole [17]. However, it is not only the PDE3A-mediated
local cAMP hydrolysis that is relevant for controlling SERCAZ2a activity. PDE3A directly
interacts with SERCA2a and disruption of the interaction with peptides increased SERCA2a
activity in cardiomyocytes isolated from mice [80]. However, it is not clear to what extent
the local PDE3A-mediated cAMP hydrolysis, and thus low PKA activity and decreased
Ser16 PLN phosphorylation, and the mere direct interaction of PDE3A with SERCA2a
control SERCA?2a activity.

A phosphoproteomics-based approach in combination with the use of nucleus-directed
cAMP-FRET sensors provided insight into the function of PDE3A in the nucleus [41]. The
data revealed that active PDE3A2 at a nuclear complex comprising SMAD family member 4
(SMAD4) and histone deacetylase 1 (HDAC-1) locally hydrolyses cAMP and thus maintains
PKA inactive. Inhibition of PDE3A, i.e., non-selective inhibition with cilostamide, or
displacement of PDE3A2 from the complex, resulted in locally increased cAMP, local PKA
activation and phosphorylation of HDAC-1. HDAC-1 deacetylates histones, repressing
expression of prohypertrophic genes. The PKA phosphorylation inhibits its deacetylase
activity. As a consequence, prohypertrophic gene transcription enhanced, promoting
cardiomyocyte hypertrophy [41].

Altogether, in cardiomyocytes PDE3A contributes to limiting the local cAMP level
at various locations to prevent excessive PKA activation, which in turn protects from
Ca?* overload in the cytosol and maladaptive cardiomyocyte and cardiac remodelling
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and eventually from heart failure, which is promoted by catecholamine overstimulation
of BARs. The role of cytosolic PDE3A is not clear. One role is most likely to provide the
storage compartment for the pool of PDE3A that dissociates from SERCA2a during the
SERCAZ2a activation process.

Similarly to cardiomyocytes, PDE3A resides in distinct subcellular compartments in
vascular smooth muscle cells (VSMCs), where it is involved in the regulation of excitation-
contraction coupling and cell proliferation. In VSMCs, activation of GPCRs by vasocon-
strictors (e.g., angiotensin II, norepinephrine) activates phospholipase C and subsequent
production of inositol trisphosphate (IP3), which then induces Ca?* release from the SR.
Membrane depolarisation opens LTCCs, facilitating Ca®* influx. The rise in intracellular
Ca2* allows Ca®*-calmodulin to activate myosin light-chain kinase (MLCK), which phos-
phorylates myosin light-chain (MLC) at Ser19. Phosphorylated MLC enables cross-bridge
cycling between actin and myosin, enabling contraction. VSMCs relax when cytosolic
Ca?* decreases, MLCK is inactivated, and MLC is dephosphorylated by myosin light-chain
phosphatase (MLCP). PKA promotes relaxation both by inhibiting MLCK and by phospho-
rylating the MLCP targeting subunit (MYPT1), thereby enhancing MLCP activity [81].

In this context, PDE3A plays a crucial role in promoting VSMCs relaxation via increas-
ing cAMP levels, which is essential for PKA activation and PKA-mediated phosphorylation
events leading to vasodilation. Hyperactive PDE3A has been shown to reduce cAMP levels
in VSMCs, impairing their ability to relax and contributing to increased vascular tone.
This mechanism underlies the development of hypertension in hypertension with brachy-
dactyly [16]. PDE3A expression was detected in the cytosolic fractions of cultured aortic
VSMC homogenates [48]. Specifically, PDE3A1 is most likely associated with SERCA2 at
the endoplasmic reticulum of VSMCs, similarly to findings in cardiomyocytes; however,
direct evidence is still lacking.

In addition to its involvement in controlling contractility, PDE3A is also involved in
cell cycle control in VSMCs. PDE3A contributes to cell cycle transitions, especially the
G1/S checkpoint, by affecting the phosphorylation of retinoblastoma protein (Rb) and
other proteins in the nucleus linked to the cell cycle, including cyclin-dependent kinases
(CDKs) [82]. Deletion of PDE3A suppressed the proliferation of cultured murine VSMCs
via dysregulation of PKA and MAPK signalling, resulting in cell cycle arrest at GO-G1
stage. A similar phenomenon was observed in oocytes, where PDE3A deletion led to cell
cycle arrest at the G2/M stage.

PDE3A is expressed in platelets, where it modulates platelet aggregation by regulat-
ing intracellular cAMP levels. Since elevated cAMP inhibits platelet activation, PDE3A-
mediated cAMP hydrolysis promotes aggregation by lowering cAMP concentrations (see
Section 2.2). PDE3A is distributed across different subcellular compartments in platelets.
The majority of its enzymatic activity is attributed to the cytosolic fraction, primarily by
PDE3A2, and potentially PDE3A3. Although PDE3A1 has been detected in membrane-
associated fractions, its contribution to total PDE3A activity in platelets appears to be
minimal. Importantly, cytosolic PDE3A forms part of a signalosome that includes PKA
regulatory RII subunits and AKAP7, allowing for spatial and functional regulation of
cAMP signalling in platelet function [22]. Membrane-associated PDE3A is most likely
localised in caveolin-rich plasma membrane lipid rafts, which have been identified in trace
amounts in platelets [52]. PDE3A inhibitors, including cilostazol, are used as antiplatelet
medications to prevent stroke, treat peripheral artery disease, intermittent claudication and
other thrombotic disorders [83—-85]. However, their use is also associated with unwanted
side effects, such as tachycardia, ventricular arrhythmias and hypotension, due to the
global inhibition of PDE3 activity.
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PDE3A plays a crucial role in maintaining meiotic arrest in oocytes by hydrolysing
cAMP, thereby preventing the activation of PKA. A decrease in PDE3A activity allows
cAMP levels to rise, leading to PKA activation and the resumption of meiosis. Similarly to
platelets, the majority of PDE3A activity in oocytes is attributed to cytosolic isoforms of the
enzyme. However, a membrane-associated isoform is also likely present, although its role
and significance remain less well characterised [86,87].

While PDE3A is also expressed in various organs and cell types, there remains a
significant gap in understanding of its precise subcellular localization within specific cell
types. For instance, in the kidney, PDE3A has been detected in juxtaglomerular cells,
mesangial cells, distal convoluted tubules and collecting duct cells [88-90]. However,
detailed knowledge about its localisation within distinct intracellular compartments is still
lacking. This contrasts with the cases of some other PDEs, which have already been shown
to localise to specific structures. For example, PDE4C in cilia [91], PDE4D in AQP2-bearing
vesicles [92] of kidney inner medullary collecting duct cells, PDE3B in cytoplasmic vesicles
in distal convoluted tubular cells [93] and PDEI1C in the cytoplasm of juxtaglomerular
cells [94].

Summarising the available data, it becomes clear that the subcellular localisation of
PDE3A largely depends on the structural features of its specific isoforms. PDE3A1, which
contains N-terminal transmembrane domains, is usually localised to the membrane fraction
of cells. PDE3A2 and PDE3A3 with truncated or absent plasma membrane-association
sequences are generally found in soluble cytosolic fractions, with evidence also supporting
their nuclear localisation [95]. However, the most critical factor is the molecular context
of each PDE3A-containing nanodomain, which ultimately determines the specific role of
PDE3A within a distinct subcellular compartment.

3. Pharmacologically Targeting PDE3A Activity and Its Protein-Protein
Interactions

3.1. The PDE3 Family Is an Established Pharmacological Target

The PDE3 family is already targeted for the treatment of cardiovascular diseases
with non-selective PDE3A and PDE3B inhibitors, such as milrinone or enoximone [2,7].
Non-selective PDE3 inhibitors increase cAMP and have demonstrated clinical benefits in
improving cardiac contractility in late stages of heart failure and lowering blood pressure
in pulmonary arterial hypertension (PAH) by promoting vasodilation [55,96-101].

The inhibitors do, however, have serious side effects, e.g., thrombocytopenia, a condi-
tion with lower platelet counts and an increased risk of bleeding [102]. PDE3 inhibition may
cause arrhythmias and long-term treatment of heart failure even increases mortality [50,103].
These cardiac side effects, at least in part, relate to the inhibition of nuclear PDE3, which
results in increased HDAC-1 phosphorylation and inhibition of its deacetylase activity. The
inhibition derepresses gene transcription, and cardiac myocyte hypertrophic growth (see
above). These observations show that more sophisticated strategies are required to target
PDE3A and PDE3B individually to increase safety and efficacy.

3.2. PDE3A as a Target

Over recent years, specifically PDE3A has emerged as a target for therapeutic inter-
vention in cardiovascular diseases and cancer. Activation of SERCA2a for the treatment of
heart failure has been suggested to increase Ca?* reuptake into the SR, improving cardiac
contractility [104]. However, clinical trials testing the effect of intracoronary infusion of a
SERCA2a cDNA vector did not improve heart failure exacerbations [74-79,105]. PDE3A is
part of the protein complex organised by AKAP18 that includes SERCA2a, PLN and PKA
(Figure 5) [17,37,73,106]. Recently, disruption of the interaction of PDE3A and SERCA2a
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by targeting the interacting domain with peptides reduced mortality in mice with exper-
imentally induced heart failure [80]. Thus, this strategy of interfering specifically with
the PDE3A-SERCA2a interaction may prove to be an alternative for increasing SERCA2a-
mediated Ca®* reuptake into the SR.

Gain-of-function PDE3A mutations cause hypertension with brachydactyly (HTNB;
Bilingturan syndrome), a rare disease with harmless brachydactyly but progressive, severe
hypertension that resembles essential hypertension. Without treatment of their hyperten-
sion, the patients die of stroke at around 50 years of age [16,20,34,107-109]. Thus, selective
PDE3A inhibitors, if specifically delivered to the vascular system, may correct the blood
pressure in HTNB patients. Surprisingly, despite their decade-long hypertension HTNB
patients do not display the typical hypertension-induced end-organ injuries such as cardiac
hypertrophy, heart failure or chronic kidney disease [17,109]. The mechanisms and sig-
nalling pathways conferring this protection from hypertension-induced end-organ damage
is not known. However, understanding the mechanisms may lead to novel approaches for
the prevention and/or treatment of hypertension and hypertension-induced end-organ
damage [20].

The Schlafen (SLEN) family comprises more than 10 proteins, most of which have a
conserved SLFN domain. The proteins are involved in immune regulation, cell proliferation
and differentiation. The interaction of SLFN12 with the catalytic domain of PDE3A activates
SLFN12, which cleaves tRNA" and induces apoptosis and death of a large variety of
cancer cells [110]. Small molecules, molecular glues termed velcrins, link the two proteins
and have anti-cancer activity [59,110-113]. However, in a first human phase I trial the
tested compound, Bay 2666605, caused thrombocytopenia despite an only low inhibitory
effect on PDE3 activity. Therefore, the trial was terminated but still hints at new options.
By medicinal chemistry, it might be possible to redesign the molecular glues.

3.3. Targeting PDE3A with Pharmacological Agents

As suggested by the findings outlined in Section 3.2, strategies for selective inhibition
or activation of PDE3A would be most useful not only as molecular tools for studying
PDE3A functions but prospectively also for therapeutic purposes. While with velcrins (see
above), first PDE3A-selective small molecules have been identified, no selective PDE3A
inhibitors are available. Available inhibitors non-selectively also inhibit PDE3B [114].
All new pharmacological approaches for inhibiting PDE3A will need to avoid PDE3B
inhibition and ideally will specifically inhibit the three PDE3A isoforms individually [114].
The isoforms only differ at their N termini, which direct location. Therefore, approaches
targeting the N termini and thus location may be feasible [31,47,114,115]. Such an approach
will circumvent the drawback that the catalytic domains cannot be selectively inhibited
because they are identical, and most likely will also avoid cross-reactivity with PDE3B
because PDE3A and PDE3B display only 35% sequence identity between their N termini,
while their catalytic domains share 64% sequence identity (see Section 2.1; Figure 3).

Due to their specificity, protein—protein interactions are ideal targets [116]. The inter-
action of PDE3A with SLFN12 and with SERCA2a provide two examples, where increasing
the interaction (with SLEN12) or disrupting the interaction (with SERCA2a) has functional
consequences (see above). In addition to SLFN12 and SERCA2a, PDE3A interacts with
a variety of further proteins in various cellular compartments. The hitherto identified
interactions relate to functional as well as physical interactions (Figure 6). For example,
the knockdown of PDE3A in HeLa cells decreased the membrane association of guanine
nucleotide exchange factor (GEF) for ADP-ribosylation factors (ARFs) 1, ARFGEF1 and
ARFGEF2. Whether this functional interaction links to a physical interaction between
PDE3A and the two ARFGEFs is not known [38]. The 3 AR agonist isoproterenol induces
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PKA phosphorylation of PDE3A1 at S312 and binding of the adapter protein 14-3-3 [31].
Activation of PKC with PMA leads to phosphorylation of PDE3A2 at 5428 and also 14-3-3
binding [31,32,114]. Also, physical interactions of PDE3A in HeLa cells with 14-3-3 proteins
and protein phosphatase (PP) 2A have been revealed by proteomics [117]. The interactions
of PDE3A with 14-3-3 and SERCA2a have been mapped [31]. The direct binding of 14-3-3
to PDE3A shields the phosphorylated sites [31]; in platelets, activated PKC phosphorylates
PDE3A at Ser438, Ser465 and Ser492 and enhances 14-3-3 binding, which is associated with
increased PDE3A activity [30,32]. Using human cardiac tissue, precipitation experiments
showed that PDE3A is part of the AKAP18-based complex comprising PKA, PLN and
SERCAZ2a [37]. Later studies revealed that the interaction is direct and disruption with
peptides causes SERCA2 activation [80].

Figure 6. Protein interactions of human PDE3A and their subcellular localisations. PDE3A (grey node)
serves as the central hub in the network. The interactions are categorised based on their subcellular
localisation. Green nodes represent proteins that physically interact with PDE3A, while white nodes
indicate interactions identified through co-immunoprecipitation assays. The figure was adapted
from the InAct molecular interaction database (https://www.ebi.ac.uk/intact/home) visualised in
Cytoscape Version: 3.10.3 [118].

Analysis using the InAct molecular interaction database (https://www.ebi.ac.uk/
intact/home) shows various further PDE3A interactions (Figure 6). Mapping and under-
standing the functions of all PDE3A interactions will provide detailed insight in PDE3A
functions and will most likely hint to disease-relevant interactions for modulation and
open new avenues towards therapeutic concepts in various diseases.

4. Conclusions and Future Directions

PDE3A’s capacity to compartmentalise cAMP by modulating its levels in defined
cellular locations provides a sophisticated method of controlling physiological processes.
The improved understanding of PDE3A biology has contributed to shaping the concept
of cAMP signalling compartments. PDE3A together with PDE3B even constitutes an
established therapeutic target.
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However, much about the role of PDE3A in cellular signalling and how it functions
at the molecular level is unknown. The functions of the three PDE3A isoforms are ill
defined, largely due to the lack of isoform-selective tools such as specific antibodies and
pharmacological agents. How location of the individual PDE3A isoforms is achieved
is unclear, e.g., PDE3A1 is directed to membranes by its two hydrophobic membrane-
targeting domains but it is also found in the cytosol; likewise, how PDE3A2 reaches the
nucleus is unknown. The protein interactions PDE3A engages in are mostly without
ascribed function.

While selective modulators are limited, precise molecular biology tools could be
utilised for functional studies. The PDE3A gene could be edited or deleted in part or full
using CRISPR-Cas9 for modulating expression and/or activity in a temporally controllable
and reversible manner [119].

Only the 3D structure of the catalytic domain of PDE3A is known [113], showing that
attempts for full structure elucidation have failed so far. Many protein structures can be
predicted with a high degree of probability using AlphaFold 3 [120,121]. However, Al-
phaFold 3 does not make high confidence structure prediction for the region N-terminal of
the catalytic domain. PDE3A is active as a homodimer/oligomer [113,122], the N-terminus
inhibits the catalytic domain [17] and PDE3A forms complexes with other proteins [6,123].
In order to elucidate the full-length 3D structure of all PDE3A isoforms these observations
would need to be integrated in future experimental structure analyses and in improved
Al-based structure predictions.

Elucidation of the structures of the PDE3A1-3 isoforms will not only provide a detailed
understanding of the regulation of their activity but is also a prerequisite for rational design
or virtual screening to identify not only PDE3A-selective but PDE3A1-, A2- and A3-specific
modulators. Al already offers valuable tools and they will be continuously improved.
In view of the huge chemical structure space with an estimated >10% molecules, as well
as a development time of often 10 years with >1 billion euros in development costs per
drug, Al approaches have great potential to save costs and time in drug development.
Al has already supported all steps from the identification of a pharmacological target,
virtual screening and substance optimisation with regard to efficacy and pharmacological
properties [124,125]. Al can create so-called digital twins, in silico replicates, of patients
and thus test and optimise therapeutic approaches and reduce risks for patients before
they are actually treated [126]. Thus, in the light of the fragmentary knowledge on PDE3A,
Al-based approaches will undoubtedly assist in elucidating structure and function as well
as in finding selective pharmacological modulators of PDE3A isoforms.

Understanding the function of PDE3A in detail and the availability of selective modu-
lators will clarify the value of PDE3A as a drug target. PDE3A isoforms are almost ubig-
uitously expressed. Since efficient disease treatment with few or no side effects requires
precise targeting of only the relevant tissues, cells and cellular compartments, strategies for
directed delivery of any pharmacological agent are needed. An example is given by peptides
that were transported from lung to heart by nano-in-micro technology (LungToHeartNiM
technology) after inhalation and promoted heart recovery in a pig heart failure model [127].

In conclusion, a better understanding of the functions of PDE3A, its isoforms and their
interactions in combination with the development of selective pharmacological modulators
will not only define its functions but will also unfold the full potential of PDE3A as a
therapeutic target and will eventually lead to innovative approaches for the treatment of
diseases with an unmet medical need, such as heart failure or hypertension.
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PDE3A  Phosphodiesterase 3A
cAMP  Cyclic adenosine monophosphate
cNT Cyclic nucleotides
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