
REVIEW ARTICLE

Phosphodiesterase 4D activity in acrodysostosis-associated neural pathology: too much or too 
little?

Oliver F W Gardner1*, Tianshu Bai1, George S Ballie2, Patrizia Ferretti1

1Developmental Biology and Cancer Department, University College London Great Ormond Street 
Institute of Child Health, London, UK.

2School of Cardiovascular & Metabolic Health, University of Glasgow, Glasgow, UK.

*Corresponding author: Oliver F W Gardner

Address: UCL GOS Institute of Child Health, 30 Guildford Street, London, WC1N 1EH, UK 

Email: o.gardner@ucl.ac.uk

Short title 

Phosphodiesterase 4D in acrodysostosis

Abstract

Members of the phosphodiesterase 4 (PDE4) enzyme family regulate the availability of the 
secondary messenger cyclic adenosine monophosphate (cAMP) and by doing so control cellular 
processes in health and disease. In particular, PDE4D has been associated with Alzheimer’s disease 
and the intellectual disability seen in fragile X syndrome. Furthermore, single point mutations in 
critical PDE4D regions cause acrodysostosis type 2/ (ACRDYS2, also referred to as inactivating 
PTH/PTHrP signalling disorder 5 or iPPSD5), where intellectual disability is seen in approximately 90% 
of patients alongside the skeletal dysmorphologies which are characteristic of acrodysostosis type 1 
(ACRDYS1/iPPSD4) and ACRDYS2. Two contrasting mechanisms have been proposed to explain how 
mutations in PDE4D cause iPPSD5. The first mechanism, the over-activation hypothesis, suggests that 
cAMP/PKA (cyclic adenosine monophosphate/protein kinase A) signalling is reduced by the 
overactivity of mutant PDE4D, whilst the second, the over-compensation hypothesis suggests that 
mutations reduce PDE4D activity. That reduction in activity is proposed to cause an increase in 
cellular cAMP, triggering the over-expression of other PDE isoforms. The resulting over-
compensation then reduces cellular cAMP and the levels of cAMP/PKA signalling. However, neither 
of these proposed mechanisms accounts for the fine control of PDE activation and localisation, 
which are likely to play a role in the development of iPPSD5. This review will draw together our 
understanding of the role of PDE4D in iPPSD5 and present a novel perspective on possible 
mechanisms of disease.
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Phosphodiesterases and the cAMP/PKA signalling pathway

Phosphodiesterases (PDEs) are the only enzymes known to degrade the cyclic nucleotide 
secondary messengers cAMP (cyclic adenosine monophosphate) and cGMP (cyclic guanosine 
monophosphate). They are ubiquitously expressed and play a role in many cellular mechanisms and 
diseases.1-3 The mammalian PDE super-family consists of 11 individual families (PDE1-PDE11) which 
are categorised by their structure, size, enzymatic properties, regulation and specificity for either 
cAMP, cGMP or both.4,5 

The enzymes of the PDE4 family specifically hydrolyse cAMP and are encoded by four genes, 
PDE4A, B, C and D,6 which through different transcriptional start sites and the alternative splicing of 
mRNA are transcribed into more than twenty isoforms.4 Each isoform of the PDE4 family consists of 
a highly conserved catalytic domain, which is primarily responsible for the hydrolysis of cAMP to 
AMP but also contains regulatory sites7 and interacts with scaffolding proteins important in PDE 
localisation.8 All PDE4 isoforms carry a subfamily (A-D) specific C-Terminal region and an isoform 
specific combination of: N-terminal region, upstream conserved regions (UCR1 and/or UCR2) and C-
terminal region6 (Fig. 1). Each PDE4 isoform has a unique N-terminal region which enables it to 
localise to different intracellular compartments by binding with different scaffolding proteins.1,2 The 
UCRs are structural and regulatory regions that are unique to PDE4s9 and are responsible for the 
formation of dimers by long isoforms.10 In the context of acrodysostosis, disease causing mutations 
have been localised across UCR1, UCR2 and the catalytic domain.11-13 

The isoforms of the PDE4 family are subdivided by length, depending on the number of 
these functional regions that are included (Fig. 1). Isoforms can be classified as long, short, super-
short, and dead-short.5 All isoforms (except PDE4D2) have an isoform specific N-terminal region, 
long isoforms then have UCR1, UCR2, catalytic domain and subfamily specific C-terminal. Compared 
to the long isoforms short isoforms lack UCR1, super-short isoforms lack UCR1 and part of UCR2 and 
dead-short isoforms have truncated N- and C-terminal regions, no UCR1 or 2 and inactive catalytic 
domains.5 

The hydrolytic activity of PDE4s is regulated in a number of ways, including dimerization14 
and post-translational modification, particularly phosphorylation by protein kinase A (PKA) in UCR1 
which leads to a two-to-six fold increase in enzyme activity.15,16 PDE4s are also regulated by 
SUMOylation at the N-terminal end of the catalytic site, which locks long PDE4s in an active state 
and phosphorylation by extracellular signal-regulated kinase (ERK) at the C-terminal end of the 
catalytic site, which keeps the dimer in the inactive state.17 PDEs can also be activated in response to 
lipid biding, e.g. the activation in PDE4D3 that results from the binding of phosphatidic acid to the N-
terminal domain.18 

The role of PDEs is to spatially and temporally control the distribution of cAMP/cGMP within 
cells. To do this, PDEs hydrolyse cAMP/cGMP and therefore prevent them from activating signalling 
pathways via the four known cAMP effectors, PKA, exchange protein directly activated by cAMP 
(EPAC), cyclic nucleotide-gated ion channel (CNGC) and Popeye domain containing proteins 
(POPDC).2,19-21 In doing so PDEs generate strictly controlled intracellular gradients of cyclic 
nucleotides, which in turn allow these ubiquitous secondary messengers to work simultaneously via 
different pathways and with different levels of stimulation.2,22 The way that this level of control is 
achieved is via a strict regulation of the sub-cellular localisation of PDEs, much of which occurs 
through the N-terminal targeting domains (which are specific for each isoform) and the docking 
domain within the catalytic unit.6,23 The ability to target specific isoforms in this way facilitates the 
formation of signalosomes, large protein complexes formed through the interaction of PDEs with 
cAMP effector proteins, membranes and scaffolding molecules (e.g. AKAP), that allow the cAMP 
concentration around specific effectors to be highly controlled.1,24 This finely tuned control of PDE 
localisation results in the 3D compartmentalisation of cAMP in cells25,26 and allows for its 
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downstream effects to be tightly regulated so that each receptor activation event that generates 
cAMP results in an appropriate physiological response.

In this review we will discuss the role of PDE4D in acrodysostosis and the contrasting 
mechanisms which have been proposed to explain how mutations in PDE4D reduce cAMP signalling 
and lead to acrodysostosis.27 As PDE4 has been directly implicated in other neurological diseases the 
lessons learned here will also be relevant in other contexts.

PDE4D mutations as a cause of acrodysostosis

Acrodysostosis is as an extremely rare skeletal dysplasia characterised by facial dysostosis 
and brachydactyly28,29 which are also associated with learning difficulties and hormone resistance. 
Due to its rarity, and potential underdiagnosis, accurate evaluations of the occurrence of 
acrodysostosis are difficult to make. However, it has been estimated to affect fewer than 1/300,000 
White French children30 and the authors are only aware of one hundred and fifty cases with 
confirmed genetic diagnoses reported in the literature.

There are two separate forms of the disease, each caused by mutations in either the 
PRKAR1A (cAMP-dependent protein kinase type I-alpha regulatory subunit) or PDE4D (cAMP-specific 
3',5'-cyclic phosphodiesterase 4D) genes, both of which are components of the cAMP/PKA signalling 
pathway. Different names have been used in the literature for the two forms including 
acrodysostosis with/without hormone resistance and acrodysostosis type 1 and 2. In 2016 Thiele et 
al.27 classified acrodysostosis as an Inactivating Parathyroid hormone/Parathyroid hormone-related 
peptide Signalling Disorder (iPPSD), based on shared characteristics with other diseases that affect 
the PTH/PTHrP and cAMP/PKA signalling pathways e.g. pseudohypoparathyroidism (PHP). In this 
review, we will use the iPPSD nomenclature; specifically we will use iPPSD4 to refer to 
acrodysostosis caused by mutations in PRKAR1A and iPPSD5 for acrodysostosis caused by mutations 
in PDE4D. We will continue to use acrodysostosis when referring to both forms of the disease at the 
same time.

Both forms of acrodysostosis affect males and females equally31 and present with 
brachydactyly and a depressed nasal bridge.11,31 Most patients with PDE4D mutations also have 
nasomaxillary hypoplasia11 and intellectual disability,11,31,32 which is rarely observed when PRKAR1A 
is mutated. Patients with mutations in PRKAR1A usually present with hormone resistance11,33-35 
(although this is not unique to those with PRKAR1A mutations35), short stature31 and small size for 
gestational age at birth.36

The majority of acrodysostosis patients carry de novo mutations,11 although familial cases 
have been described.11,34,37 Neither the mutations in PDE4D or PRKAR1A are found at a specific locus 
within the genes, instead they are spread throughout the functional domains of the proteins, 
specifically the catalytic domain and UCR1 and UCR2 in PDE4D (Fig.2) and the cAMP binding domains 
in PRKAR1A.11,31,32,34,35 Many of the mutations that have been described in acrodysostosis patients 
are unique and not shared by other patients; the only recurrent mutation that has been well 
described is the Arg368*Del mutation in PRKAR1A, which leads to a fourteen amino acid truncation 
of the protein and was the first mutation linked to acrodysostosis.38

Although there are a wide array of mutations known to cause iPPSD4, they cluster in the two 
cAMP binding domains of PRKAR1A, providing a common mechanism of action. However, in iPPSD5 
known mutations are spread through different functional domains of the gene (Fig.2), raising 
questions about how they could have the same ultimate effect on the function of the enzyme. Work 
by Cedervall et al.10 has shown that in the final folded form of PDE4D protein iPPSD5 mutations, 
which are widely spread through the gene sequence, cluster in the hinge region between the 
autoinhibitory and dimerisation domains, or at the interface between the catalytic and 
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autoinhibitory domains. This clustering of mutations, combined with the PDE4 structure which 
suggests self-regulation of activity, provides a clear rationale for a common mechanism of action 
between widely spaced mutations.

PKA signalling and inactivating parathyroid hormone/parathyroid hormone-related peptide 
signalling disorders

The route by which all mutations causing iPPSD have their effect is by reducing the signalling 
through the PTH/PTHrP mediated cAMP/PKA pathway.27 Signalling in this pathway is initiated by the 
binding of PTH or PTHrP to the parathyroid hormone 1 receptor (PTH1R) (Fig.3), a G protein coupled 
receptor. This activates and releases the alpha subunit of stimulatory G protein, which in turn 
activates adenylyl cyclase.4,39,40 Adenylyl cyclase converts ATP to cAMP, which is then free to diffuse 
through the cell and activate four types of effector protein: PKA, EPAC, CNGC and POPDC.2,19,20 In the 
case of iPPSDs and acrodysostosis the relevant effector protein is PKA. In its inactive basal state, PKA 
is a tetramer consisting of two regulatory and two catalytic subunits. Once generated by adenylyl 
cyclase a molecule of cAMP first binds to the to the cyclic AMP binding domain-B (CBD-B) of each of 
the two regulatory subunits, followed by binding of a further cAMP molecules to the CBD-A domains, 
which triggers the release of the two active catalytic subunits.41,42 Once active, the PKA catalytic 
subunit is free to phosphorylate a range of proteins (including PDEs10), but in the PTH/PTHrP 
pathway primarily acts to phosphorylate Ser133 of the transcription factor CREB (cAMP response 
element-binding protein), which mediates downstream gene expression through binding to cAMP 
Responsive Elements associated with target genes.43,44 

Both iPPSD4 and iPPSD5 result from mutations that lead to a reduction in the amount of 
signalling through the cAMP/PKA pathway.45,46 In iPPSD4 it is well accepted that mutations in the 
cAMP binding regions of PKAR1A reduce cAMP binding and therefore prevent the release and 
activation of the catalytic PKA subunit, reducing activation of the transcription factor CREB by 
phosphorylation and therefore lowering downstream gene induction.32,38,41,42,47,48 

In contrast, despite investigations by several groups the mechanism by which mutations in 
PDE4D leads to a reduction in cAMP/PKA signalling, and therefore iPPSD5, is not well 
understood.32,49,50 As the role of PDEs is to decrease the amount of signalling through the pathway 
by removing cAMP, it might be expected that iPPSD5 mutations lead to increased PDE4D activity, 
however evidence has been published that show both increased50 and decreased activity of PDE 
mutants.32,51

The key to unlocking this mechanism is to understand the effect that iPPSD causing 
mutations have on the behaviour of PDE4D, particularly its activity and its localisation within cells.

Contradictory mechanisms have been proposed to explain the role of PDE4D mutations in iPPSD5 

There are several strands of indirect evidence that support the assertion that iPPSD5 
mutations reduce signalling though the cAMP/PKA pathway. The first is the similarity in clinical 
presentation between iPPSD5 and iPPSD4 (where the reduction in PKA signalling is understood) as 
well as other conditions caused by activating mutations in PDEs that have similar presentations, 
including other iPPSDs27,45 and hypertension and brachydactyly syndrome.52 Secondly, no iPPSD5 
mutations have been described that would significantly disrupt or ablate the expression of PDE4D; it 
has also been shown that a mutation that leads to haploinsufficiency of PDE4D (5q12.1-
haploinsufficiency syndrome) presents with some symptoms that are the opposite of those seen in 
iPPSD5 e.g. lengthened fingers and nose.35 Thirdly, there is significant evidence that PDE4 inhibitors, 
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which cause increased PKA signalling, improve cognitive performance in humans.53-56 This contrasts 
with the intellectual disability seen in patients with iPPSD5, where PKA signalling appears to be 
reduced. Finally, in one of the only two studies performed on patient derived cells, Kaname et al.32 
showed that Epstein–Barr virus-transformed lymphocytes from iPPSD4 and iPPSD5 patients 
demonstrated reduced CREB phosphorylation in response to forskolin induced synthesis of cAMP 
compared to controls, implying a reduced capacity for cAMP/PKA signalling in these cells.32 

The only work that has suggested that acrodysostosis causing mutations lead to an increase 
rather than a decrease in PKA signalling was recently published by Venkatakrishnan et al.51 This 
article looked at the effect that mutations associated with acrodysostosis in PRKAR1A and PDE8 have 
on the termination of cAMP induced PKA signalling. Their data showed that these mutations 
disrupted the removal and hydrolysis of cAMP from PRKAR1A, as a result delaying the re-association 
of the regulatory and catalytic subunits, prolonging PKA activation. This suggests that these 
mutations would lead to increased signalling through the PKA pathway, rather than the decrease in 
signalling which is currently accepted in the literature. However, it is important to note that his work 
focused on the effect of iPPSD5 analogous mutations in PDE8, an isoform of PDE that is not known to 
be associated with iPPSD5 and, despite some similarities, one that has a different structure and 
regulatory controls to PDE4D. This work also did not consider the effect of these mutations on 
cAMP/PKA signalling in living cells. Although this work may provide an important insight to the 
relationship between PRKAR1A and PDEs, more evidence is required to show that this indicates an 
alternative disease mechanism for iPPSD5.

In many monogenic disorders the identification of a causative mutation in a particular gene 
reveals a clear mechanism of disease. In iPPSD4, disruption of PTH/PTHrP signalling caused by 
mutations in PRKAR1A provides an explanation for the disease symptoms. The dominant negative 
effect of mutant PRKAR1A proteins, which directly inhibit the release of the active PKA catalytic 
subunit, leads to an obvious route for resistance to hormones such as thyroid-stimulating hormone 
and PTH that act via PTH1R33,57 and the skeletal effects of iPSSD5. PTHrP is known to have a crucial 
role in bone growth, especially the elongation of the long bones58,59 which is more affected in iPPSD4 
than iPPSD5.11  

Superficially, there is also an obvious link between mutations in PDE4D and reduced PKA 
signalling, as an activating (gain of function) mutation in PDE4D would lead to increased hydrolysis of 
cAMP and therefore reduced PKA activation. However, analysis of the activity of PDE4Ds carrying 
iPPSD5 causing mutations has been shown to both increase50 and decrease activity,32 and the only 
work performed using iPPSD5 patient cells showed no effect on overall PDE or PDE4 activity.32 This 
has led to the presentation of two separate disease mechanisms for iPPSD5.49 The first, which we 
refer to as the over-activation hypothesis (Fig.4), is that mutations in PDE4D result in increased 
enzymatic activity, leading to a reduction in cAMP levels and consequently reduced PKA 
signalling.35,50 The second, the over-compensation hypothesis (Fig.5), is that mutations in PDE4D lead 
to reduced activity and therefore an increase in intracellular cAMP. This cAMP build up is suggested 
to induce upregulation of other PDE isoforms to compensate for reduced PDE4D activity. In turn, 
that upregulation leads to an over reduction of cAMP, and the consequent pathological reduction in 
PKA signalling that would result in iPPSD5.32 

Where these two hypotheses fundamentally differ is on the effect that disease causing 
mutations have on the activity of PDE4D. We will consider the evidence and support that has been 
suggested for both and suggest an alternative explanation for the role of PDE4D in iPPSD5. 

Page 5 of 23

https://mc.manuscriptcentral.com/braincom

Manuscripts submitted to Brain Communications

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

ACCEPTED M
ANUSCRIPT

D
ow

nloaded from
 https://academ

ic.oup.com
/braincom

m
s/advance-article/doi/10.1093/braincom

m
s/fcae225/7701743 by U

niversity C
ollege London (inactive) user on 01 July 2024



6

The over-activation hypothesis

Shortly after the initial identification of PDE mutations in iPPSD5 patients Lindstrand et al.35 
suggested that because of both the similarity of symptoms to related conditions and the contrasting 
symptoms in patients with 5q12.1-haploinsufficiency syndrome, it was likely that iPPSD resulted 
from increased activity of PDE4D mutants. In 2017 Briet et al.50 published the first experimental 
evidence showing that mutant PDEs have increased catalytic activity. They showed that when they 
expressed PDE4D3 carrying iPPSD5 mutations in UCR1, UCR 2 or the catalytic domain (the three 
regions most commonly affect in iPPSD5) in Chinese hamster ovary cells, the mutants were more 
susceptible to activation by PKA (including at basal levels), leading to faster and increased cAMP 
breakdown by the mutants50 However, the total hydrolytic capacity of the fully activated wild type 
enzyme and of mutants was similar.50 This suggests that the over-activation leading to reduced PKA 
signalling is not due to an overall change in PDE4D activity, but rather to a change in how its 
enzymatic activity is regulated, in this case a predisposition to be activated by PKA. Although, an 
important caveat to this is that one of the mutants used by Briet et al.50 contained a substitution of 
the serine residue in UCR1 which is phosphorylated by PKA (S54A). Despite this change the S54A 
mutant performed similarly to other iPPSD5 mutants, suggesting that other mechanisms of PDE 
activation may be playing a role. 

The over-compensation hypothesis 

The evidence for the over-compensation theory (Fig. 5) comes from two sources, the first, 
Cedervall et al.,10 who suggested that iPPSD5 mutations would render PDE insensitive to PKA 
activation, which would normally increase PDE4 activity by two-to-six fold.15,16 The second a study by 
Kaname et al.,32 which looked in silico at the effect of two iPPSD5 mutations within the catalytic site 
of PDE4D and used simulations to show that there would be reduced activity in these mutants 
compared the wild type. Crucially this does not take account of the other domains (e.g. UCRs) or 
factors that regulate PDE activity (e.g. phosphorylation by PKA). Kaname et al.32 also looked at the 
behaviour of iPPSD5 mutant PDEs (with a range of mutations across the n-terminal domain, UCR1 
and catalytic domain) which were overexpressed in the HEK293 (Human Embryonic Kidney 293) cell 
line. This showed that the lysates from HEK293 cells expressing mutant PDE4D had a lower ability to 
hydrolyse cAMP than those expressing the wild-type enzyme. It also showed that although there was 
no difference in the cells at basal levels, but when stimulated with forskolin (to increase intracellular 
cAMP) the mutant PDEs were less able to attenuate the resulting increase in cAMP than the wild 
type.32 This study also includes the only work published to date using iPPSD5 patient cells, rather 
than cells overexpressing mutant forms of PDE4D.32 Lymphocytes (immortalised using Epstein-Barr 
virus) from one control donor, one iPPSD4 patient (R368*) and one iPPSD5 patient (L230S) were 
assessed for their PDE activity and cAMP levels. When lymphocytes from an iPPSD4 patient were 
treated with forskolin (an activator of adenyl cyclase) the resulting increase in total intracellular 
cAMP was the same as in control cells. However, because of the mutation of PRKAR1A in these cells, 
that increase in cAMP did not lead to an increase in the amount phosphorylated (and therefore 
active) CREB downstream. This is consistent with the hypothesis that iPPSD4 mutations in PRKAR1A 
prevent the activation of PKA, and therefore reduce CREB activation and downstream signalling. In 
contrast, when cells from an iPPSD5 patient were treated with forskolin the resulting increase in 
intracellular cAMP was significantly lower than in control cells. Given the reduced level of cAMP 
compared to controls and iPPSD4 cells it would be expected that there would be less signalling 
through the cAMP/PKA pathway in iPPSD4 cells. However, the total levels of phosphorylated CREB in 
the iPPSD5 cells was higher in the iPPSD5 than the iPPSD4 cells and only slightly lower than control 
cells. This shows that at the whole cell level there was less disruption in cAMP signalling in the 
iPPSD5 cells than the iPPSD4 cells. These results differ from the results of the overexpression 
experiments performed by Kaname et al.,32 where it was shown that there was no change in total 
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PDE activity, or the activity of the PDE4 family in the iPPSD5 mutants compared to the control. 
However, a number of other PDE isoforms (including PDE4C, PDE4D5 and PDE4D11) were 
significantly upregulated at gene expression and protein levels in the patient iPPSD5 line (gene 
expression in the iPPSD4 line was not determined). This finding was the basis for the over-
compensation hypothesis, where decreased activity of the mutant form of PDE4D leads to a build-up 
of cAMP and triggering an over-compensation from other isoforms. This is not the only study to have 
linked a reduction in PDE4 activity to an upregulation of the expression of specific isoforms. Susuki-
Miyata et al.60 showed that the inhibition of PDE4 activity in primary human airway epithelial cells 
with roflumilast lead to an increase in PDE4B mRNA as detected by RT-qPCR, suggesting that 
exogenous inhibition as well as inactivating mutations could be linked to PDE over-compensation.

Alternative mechanisms of disease

The work that underlies both the over-activation and over-compensation hypotheses has 
principally focused on establishing the activity of mutant PDE4Ds using overexpression models in cell 
lines,32,50 rather than cells that carry the mutation themselves and are of a type known to be affected 
in iPPSD5. The only evidence that has so far been gathered from iPPSD5 patient cells32 highlighted 
the crucial difference between the capacity of PDE4 to hydrolyse cAMP in an over expression model 
and the actual effect that a mutation has on a cell when it is expressed under its own regulatory 
systems. The highly coordinated control that is exerted on cAMP dynamics by PDEs depends on 
compartmentalisation and activation of relatively small pools of the enzyme and this is lost in over-
expression models or when looking at a whole cell level, but may be key to the underlying disease 
mechanism. Work by Tejeda et al.,61 in an overexpression model, has shown that mutations in 
PDE10A that cause childhood-onset chorea do not alter the activity levels of the enzyme as Briet et 
al.50 have shown with PDE4D in iPPSD5, but instead lead to aberrant localisation and reduced protein 
stability. Similarly, work by Cheguru et al.,62 has shown how different mutations in the same PDE 
isoform (PDE6 in this case) can disrupt enzyme activity and localisation in different ways, but 
ultimately cause the same disease. This work showed that when different human mutant PDE6Cs, all 
known to cause autosomal recessive achromatopsia (partial or total absence of color vision), were 
expressed in a transgenic Xenopus model, enzymes with mutations in the catalytic domain were 
trafficked normally but showed reduced enzymatic activity, mutations in the GAF domains (found in 
cGMP-specific phosphodiesterases, adenylyl cyclases and FhlA63) were targeted for proteolytic 
degradation, and mutants in non-conserved regions were incorrectly localised. 

Experimental work by Briet et al.50 has shown that PDE4D carrying iPPSD5 causing mutations 
showed increased sensitivity to PKA activation. Interestingly, the increased activation of mutants 
was not completely mitigated when cells were treated with the protein kinase inhibitor H89,50 
suggesting that other mechanisms of activation may also be at work. For example, it is possible that 
iPPSD5 mutations also result in a change in dimerisation, that could also contribute to increased 
activation. The long forms of PDE4 are known to exist as dimers,14,64,65 whose formation is regulated 
by interactions between UCR1 and UCR2; this then leads to the auto-inhibition of the catalytic region 
via interaction between the C-terminal helical region of one monomers UCR2, which limits access of 
cAMP to the catalytic site of its partner (trans-capping). As a result of the occlusion of the active site 
the long PDE4 dimeric form is less active than the monomeric form,10 although activity of the dimeric 
form can be increased through other forms of regulation e.g. activation by PKA.15,16 It is conceivable 
that the clustering of iPPSD5 mutations in the fully folded protein not only renders mutants more 
sensitive to PKA activation, but also leads to changes in dimerisation or auto-inhibition, further 
contributing to the reduction in PKA signalling that ultimately leads to iPPSD5. 
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These examples highlight the complexity of PDE activity and indicate that it may not be 
possible to reduce the mechanism of disease to a question of “is PDE4D more or less active?”. To 
fully understand the mechanism of iPPSD5 it will be important to understand the relative 
importance of the total potential activity of mutated PDE4Ds (i.e. the capacity of the enzyme to 
break down cAMP in its most active form) and its level of activation in tissues and cells that are 
affected in the patients. If the regulation of PDE4D by phosphorylation, dimerisation or 
compartmentalisation is dramatically changed in iPPSD5 patients, then a 50% reduction32 or 100% 
increase50 in activity of mutated PDE4D compared to wild type may not be as important as it initially 
appears. It also underlines the need for work to be carried out on patient cells, or cells that have 
undergone gene editing to express iPPSD5 mutants, so that we do not solely focus on total potential 
enzyme activity, which may not fully represent the behaviour of PDE4 in cells, but also look at 
localisation, stability, cAMP dynamics using localised genetically encoded cAMP reporters, p-CREB 
ratios and other non-enzymatic PDE4 functions to get a more complete understanding of the disease 
mechanism.60

Understanding the cause of intellectual disability in iPPSD5

As well the questions around mechanisms of disease, there are also enduring questions 
about the differences in disease presentation between iPPSD4 and iPSSD5, and in particular the 
origin of intellectual disability in iPSSD5, about which virtually nothing is known. IPPSD5 is not the 
only condition in which PDEs have been associated with neurological disorders. Phosphodiesterase 
4D is associated with neurocognitive functions, such as hippocampal neurogenesis, 
neurodevelopment and learning.66 As well as iPPSD5, mutations in PDE4D lead to several other 
neurological conditions such as Alzheimer’s disease (PDE4D3, 5, 7 and 9),67 depression, fragile X 
syndrome Huntingdon’s disease, Rett syndrome and schizophrenia draw a clear link between brain 
function and PDEs.3,68 Little is known about the role of PDEs/cAMP during patients’ 
neurodevelopment, but it is clear from the links to diseases and the positive effects of PDE inhibitors 
on cognitive function that they play an important role in the brain.53,69,70 Although the causes of 
differences between iPPSD4 and 5 are not well understood, it is likely that tissue distribution and 
signal intensity are both likely to play a role. 

PDEs are known to vary greatly in terms of tissue distribution,71 with some isoforms, like 
PDE4D7 expressed ubiquitously throughout the body, whilst others, like PDE4D6 are expressed only 
in the brain.72 PDE4s are well known to be expressed in the brains of rodents, rhesus macaques and 
humans,73-75 but much of what we know about tissue distribution comes from animals, where the 
distribution of specific PDEs may differ from humans.72 One source of information about the 
distribution in humans is the Human Protein Atlas (HPA),76 https://www.proteinatlas.org/). Data 
from the HPA shows that both PRKAR1A and PDE4D protein can be detected widely human tissues, 
but single cell transcriptomic analysis highlights a very high level of PDE4D transcripts in excitatory 
neurones and to a lesser extent in inhibitory neurones and glial cells, whilst very low levels of 
PRKAR1A transcripts were detected in any neural cells.77 This gives the clearest indication that we 
have so far that the neural specificity of iPPSD5 may be in part due to the tissue specificity of PDE4D. 
However, it is not enough to simply classify a tissue as expressing PRKAR1A/PDE4D or not, as 
individual cell types within a tissue may have variable PDE expression,75 or even respond differently 
to the same ligand. Seminal work by Motte et al.49 showed that the effect of a single PTH1R agonist 
at a specific concentration was cell type dependent. This means that even within a single organ, like 
the brain, mutations in PDE could be having different effects based on the response of the individual 
cell types, the isoforms of PDE that they express and their specific response to the combination of 
agonists they are exposed to.
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Motte et al.49 also showed that different PTH1R agonists could induce different amounts of 
cAMP production, and crucially, that PDE4s are better able to neutralise stimuli that induce a lower 
level of cAMP production. This work used HEK-293 cells stably overexpressing PTH1R (HEKpthr). 
When HEKpthr cells were exposed to a strong stimulus, like PTH, the PDEs within them were shown 
to have little effect on the increase in intracellular cAMP resulting from receptor activation. In 
contrast, when a less potent activator, such as isoproterenol, was applied the PDE4s were capable of 
hydrolysing the cAMP that was produced, reducing the spike in intracellular cAMP.49 The implication 
of this is that if the activity of PDE4D is increased, or over-compensated, for example in iPPSD5, this 
may increase the threshold required to generate a response in the signalling pathway. This would 
particularly affect responses to weak activators of the pathway. This differential response to stimuli 
of different intensity may contribute to the absence of hormone resistance in iPPSD5, as PTH has 
been shown to induce a large increase in cAMP synthesis, this may mitigate the effect of mutations 
in PDE4D.49 This would allow for a normal hormone response in iPPSD4 patients in comparison with 
iPPSD5 patients where mutant PRKAR1A does not show such input sensitivity. This is also interesting 
in the case of brachydactyly and short stature in acrodysostosis. Both symptoms are likely to result 
from aberrant endochondral ossification, resulting from disruption in the PTH/PTHrP signalling 
cascade in the growth plates of the fingers and long bones of the limbs respectively.11,78 However, 
the bones of the hand are affected in both iPPSD4 and 5, whilst the long bones are more affected in 
iPPSD4. It has been shown that although they are similar tissues, there are subtly different forms of 
paracrine regulation in the growth plates of the fingers and long bones of the limbs.79 This suggests 
that although both symptoms are caused by mis-regulation of the growth plate, defined differences 
in that regulation e.g. the ability to respond to stimuli of different intensities, may result in growth 
being affected or not.

Conclusions

The role of PDE4D in iPPSD5 is undisputable, yet fundamental questions remain about the 
mechanism and development of this disease. These include the effect of iPPSD5 mutations on the 
activity of PDE4D, the knock-on effect of mutations within affected cell types and the cause of tissue 
specific effects such as learning difficulties in iPPSD5. Acrodysostosis is often diagnosed early in life, 
but symptoms continue to develop as patients grow. This provides a potential window in which the 
administration of PDE/PKA modifying drugs could improve outcomes for patients and families. PDE 
inhibitors have been approved to treat several conditions and clinical trials are undergoing for a 
PDE4D selective compounds.80-82 However, our current understanding of the mechanisms behind 
iPPSD5 are not advanced enough to develop this kind of treatment. In order to improve our 
understanding it will be important to develop cell, tissue and organism level models of 
acrodysostosis as this will allow for the understanding of how iPPSD5 manifests in the affected 
tissues as well as the changes mutations cause in PDE4D and PRKAR1A activity.
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Figures

Figure 1. PDE4 isoforms are categorised by length based on the functional domains that are 
present in the isoform. All isoforms contain a highly conserved catalytic domain (truncated in dead-
short isoforms), flanked by a combination of structural and regulatory upstream conserved regions 
(UCR1 and 2), isoform specific N-terminal domain and subfamily specific C-terminal region.

Figure 2. The location of known iPPSD5 disease causing mutations in the long form of 
phosphodiesterase 4D (PDE4D). a denotes mutations first summarised by Michot et al.11, b identifies 
the mutation described by Zhan et al.83, c identifies the mutation described by Petraitytė et al.84 and d 
denotes mutations first described by Ertl et al.36 Abbreviations: upstream conserved region (UCR1 
and 2).

Figure 3. The cAMP/PKA/CREB signalling pathway. Agonist binding to the PTHR1 seven 
transmembrane G-protein coupled receptor leads to activation and release of the alpha subunit of 
stimulatory G-protein, which activates adenylyl cyclase, leading to the generation of cAMP from ATP. 
cAMP can then bind to the regulatory subunit of PKA (PRKAR1A), leading to the release and 
activation of the catalytic subunit which activates the transcription factor CREB by phosphorylation, 
inducing PKA associated gene expression. PDEs (here PDE4D) remove cAMP from the pathway via 
hydrolysis to AMP, decreasing signalling through the pathway. Abbreviations: adenosine 
monophosphate (AMP), adenosine triphosphate (ATP), cyclic adenosine monophosphate (cAMP), 
cAMP response element-binding protein (CREB), alpha subunit of stimulatory G-protein (Gsα), 
phosphodiesterase (PDE), cAMP-specific 3',5'-cyclic phosphodiesterase 4D (PDE4D), protein kinase A 
(PKA), cAMP-dependent protein kinase type I-alpha regulatory subunit (PRKAR1A), parathyroid 
hormone receptor 1 (PTHR1).

Figure 4. The impact of the over-activation hypothesis for iPPSD5 on the cAMP/PKA signalling 
pathway. The over-activation hypothesis suggests that an increase in PDE4D activity leads to the 
increased hydrolysis of cAMP to AMP. This removal of cAMP from the signalling pathway leads to 
reduced levels of fee cAMP available to bind and activate PKA, leading to reduced CREB activation by 
PKA and therefore a reduction in signalling through the pathway, causing iPPSD5. Abbreviations: 
adenosine monophosphate (AMP), adenosine triphosphate (ATP), cyclic adenosine monophosphate 
(cAMP), cAMP response element-binding protein (CREB), inactivating parathyroid 
hormone/parathyroid hormone related protein signalling disorder 5 (iPPSD5), alpha subunit of 
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stimulatory G-protein (Gsα), phosphodiesterase (PDE), cAMP-specific 3',5'-cyclic phosphodiesterase 
4D (PDE4D), protein kinase A (PKA), cAMP-dependent protein kinase type I-alpha regulatory subunit 
(PRKAR1A), parathyroid hormone receptor 1 (PTHR1).

Figure 5. The impact of the over-compensation hypothesis for iPPSD5 on the cAMP/PKA signalling 
pathway. The over-compensation hypothesis suggests that a decrease in PDE4D activity leads to a 
build-up of cAMP, which triggers the over production of other PDE4 isoforms to compensate for the 
loss of PDE4D. This leads to the increased removal of cAMP from the signalling pathway, reducing 
the activation of PKA and reducing CREB activation by PKA. Overall this leads to a reduction in PKA 
signalling, leading to iPPSD5. Abbreviations: adenosine monophosphate (AMP), adenosine 
triphosphate (ATP), cyclic adenosine monophosphate (cAMP), cAMP response element-binding 
protein (CREB), inactivating parathyroid hormone/parathyroid hormone related protein signalling 
disorder 5 (iPPSD5), alpha subunit of stimulatory G-protein (Gsα), phosphodiesterase (PDE), cAMP-
specific 3',5'-cyclic phosphodiesterase 4A (PDE4A), cAMP-specific 3',5'-cyclic phosphodiesterase 4B 
(PDE4B), cAMP-specific 3',5'-cyclic phosphodiesterase 4C (PDE4C), cAMP-specific 3',5'-cyclic 
phosphodiesterase 4D (PDE4D), protein kinase A (PKA), cAMP-dependent protein kinase type I-alpha 
regulatory subunit (PRKAR1A), parathyroid hormone receptor 1 (PTHR1).
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