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Heterozygous mutations in cyclic AMP phosphodiesterase-4D (PDE4D)
and protein kinase A (PKA) provide new insights into the molecular
pathology of acrodysostosis
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Artic(e history: Acrodysostosis without hormone resistance is a rare skeletal disorder characterized by brachydactyly, nasal hy-
RGCE[VEd }‘UUT}E 2014 poplasia, mental retardation and occasionally developmental delay. Recently, loss-of-function mutations in the
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tion but the pathomechanism has not been fully elucidated. To understand the pathogenetic mechanism of
PDE4D mutations, we conducted 3D modeling studies to predict changes in the binding efficacy of cAMP to the
catalytic pocket in PDE4D mutants. Our results indicated diminished enzyme activity in the two mutants we an-
alyzed (Gly673Asp and [le678Thr; based on PDE4D4 residue numbering). Ectopic expression of PDE4D mutants
in HEK293 cells demonstrated this reduction in activity, which was identified by increased cAMP levels. However,
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PDE4D
cAMP
Knok out rat

the cells from an acrodysostosis patient showed low cAMP accumulation, which resulted in a decrease in the
phosphorylated cAMP Response Element-Binding Protein { pCREB)/CREB ratio. The reason for this discrepancy
was due to a compensatory increase in expression levels of PDE4A and PDE4B isoforms, which accounted for

the paradoxical decrease in cAMP levels in the patient cells expressing mutant isoforms with a lowered PDE4D
activity. Skeletal radiographs of 10-week-old knockout (KO} rats showed that the distal part of the forelimb
was shorter than in wild-type (WT) rats and that all the metacarpals and phalanges were also shorter in KO, as
the name acrodysostosis implies. Like the G-protein a-stimulatory subunit and PRKARTA, PDE4D critically regu-
lates the cAMP signal transduction pathway and influences bone formation in a way that activity-compromising
PDE4D mutations can result in skeletal dysplasia. We propose that specific inhibitory PDE4D mutations can lead
to the molecular pathology of acrodysostosis without hormone resistance but that the pathological phenotype
may well be dependent on an over-compensatory induction of other PDE4 isoforms that can be expected to be
targeted to different signaling complexes and exert distinct effects on compartmentalized cAMP signaling.

© 2014 Published by Elsevier Inc.

1. Introduction

Acrodysostosis is a group of rare skeletal disorders characterized
by brachydactyly, nasal hypoplasia, mental retardation, and occa-
sionally developmental delay [1]. Progressive growth failure, short
stature, and severe mid-face hypoplasia with skull deformity are
common features of this disorder [1,2]. Acrodysostosis is phenotypi-
cally heterogeneous, and at least two groups are recognized:
acrodysostosis with hormone resistance (OMIM #101800) and with-
out hormone resistance (OMIM #614613). Acrodysostosis has
attracted attention because the disorder shares common skeletal
changes with Albright's hereditary osteodystrophy (AHO) or pseudo-
hypoparathyroidism type 1a (PHP-1a). However, neither the biochem-
ical impairment of the activity of G-protein «-stimulatory subunit
(GNAS), which activates adenylyl cyclase and cAMP production [3],
nor the genetic mutation of GNAS associated with PHP-1a, have been
observed in individuals with acrodysostosis [1,4]. Recently, 3 patients
with acrodysostosis with hormone resistance were identified to harbor
the same nonsense mutation in the PRKARIA gene [5]. The PRKARIA
gene encodes the cAMP-binding regulatory subunit of protein kinase
A (PKA) that, together with an exchange protein activated by cAMP
(Epac) [6], functions as a key intracellular signal transducer in Gsa-
cAMP signaling.

Cyclic AMP levels are dynamically regulated not only by the activa-
tion of adenylyl cyclase but also by the inhibition of cAMP phosphodies-
terases (PDEs), which provide the sole route for inactivation of this
second messenger in the cells [7,8]. Of the PDE superfamily, selective in-
hibitors of the cAMP-specific phosphodiesterase-4 (PDE4) family have
been shown to have profound anti-inflammatory actions [9-11] and
have demonstrable therapeutic utility in both COPD (roflumilast)
[12-14] and psoriatic arthritis (apremilast) [15,16].

Four genes encode the PDE4 family (PDE4A, PDE4B, PDEAC, PDE4D)
with alternative splicing generating >20 isoforms [7,17]. A key func-
tional consequence of this diversity is that various signaling scaffold
and other proteins are able to sequester specific PDE4 isoforms [7,
18-20]. This tethering leads to the spatial localization of individual
types of PDE4 isoforms which act to underpin compartmentalized
cAMP signaling by shaping gradients of cAMP in distinct intracellular
locales [7]. This ability confers non-redundant functional roles on spe-
cific PDE4 isoforms as uncovered using dominant negative [21-24] and
siRNA (small interfering RNA)-mediated knockdown [25] approaches.
In this, PDE4A1 provides the paradigm for PDE targeting [26-28],
while PDE4D5 provides the paradigm for a particular PDE isoform
being able to regulate a specific cellular function through targeting
[29].

Individual PDE4 isoforms have distinct, intronic promoters that con-
fer cell-type specific patterns of expression. Although little is known
about these it has been shown that sustained changes in cAMP levels
can alter expression levels of particular PDE4 isoforms, some of which
have CRE loci that allows for their regulation by PKA phosphorylated
CREB [30-33].

PDE4 isoforms are sub-categorized into long forms with UCRT and
UCR2 regulatory regions; short forms lacking UCR1 and super short
forms lacking UCR1 but with a truncated UCR2 [7,34]. When cAMP
levels are elevated in cells, the long PDE4 isoforms play a pivotal and
exclusive role in determining both the magnitude and duration of this
response through their activation through phosphorylation by cAMP-
dependent protein kinase A (PKA) [35-43].

PDE4 long isoforms thus play a key role in underpinning both the
cellular desensitization to cAMP as well as determining the compart-
mentalization of cAMP signaling. As such, changes in their activity,
localization, post-translational regulation and the complement of differ-
ent isoforms expressed in a particular cell are set to have profound
physiological consequences [7].

Here, we present data collected using 3 approaches. First, in a muta-
tion study, we identified 7 patients with acrodysostosis without hor-
monal resistance, linking the disease with the gene for cAMP-specific
phosphodiesterase 4D (PDE4D). Second, in functional studies, we ana-
lyzed the 3D structure of PDE4D mutants and measured the activity of
PDE4D mutants transfected into heterologous cells; we also colocalized
PDE4D and p-arrestin using confocal microscopy and determined PDE4
activity and isoform expression in patient cells. Third, we generated
PDE4D knockout (KO) rats and demonstrated that PDE4D loss results
in the skeletal dysplasia phenotype observed in acrodysostosis. This
work opens up a new horizon in the pathogenesis of acrodysostosis by
showing that acrodysostosis without hormone resistance can be caused
by alterations in cAMP degradation by PDE4D [7] and results in skeletal
dysplasia.

2. Methods
2.1. Patient enrolment

Seven patients diagnosed as acrodysostosis without hormone resis-
tance were included in the study. The patients represent all of the avail-
able patients diagnosed at the time of the study in Korea and Japan.
Diagnosis was made by the typical X-ray features and the confirmation
of the absence of the hormone resistance. The details of clinical features
including hormone profiles are described in Table 1. One patient diag-
nosed as acrodysostosis without hormone resistance, who harbor the
PRKARTA mutation was included in the functional study for comparison.

The clinical features of 1 Korean (patient 2) and 3 Japanese patients
(patients 4, 5 and 7) were described previously [44-46]. The mother of
the Japanese siblings (patients 4 and 5) was reported to be affected
mildly. For the other patients, clinical features are summarized in
Table 1. Informed consent was obtained from the parents of all patients
and this study was approved by the Institutional Review Board.

2.2. DNA study

Exome sequencing was performed on 2 Korean patients and 2
Japanese siblings with acrodysostosis (4 patients in 3 families), as well



Table 1

Clinical and laboratory findings of patients

Identifying mutations in acrodysostosis patients. Exomes were sequenced in 8 patients with acrodysostosis. We found that patient 8 had a de novo p.Arg368* mutation in PRKARIA. When we compared the gene lists from patients other than patient 8,
PDE4D was identified as the only gene they all shared.

Patient 1 Patient 2 Patient 3 Patient 4 Patient 5 Patient 6 Patient 7 Patient 8 Reference range

Previous reports Unpublished Ref9 Unpublished Ref 8 Ref 8 Unpublished Ref 10 Unpublished

Gene PDE4D PDE4D PDE4D PDE4D PDE4D PDE4D PDE4D PRKARIA

Mutation c2033T>C ¢2018G > A c2033T>C c.683A > C c.683A > C c689T>C c.1759A > G ¢1101C>T

(p.1678T) (p.G673D) (p.1678T) (p.Q228P) (p.Q228P) (p.L230S) (p.T587A) (p.R368X)

Clinical findings

GA (wk)/ 40/2.8 40/2.9 41/2.3 40/2.22 40/2.35 41/2.5 38/2.3 37 + 4/2.08

Bwt (kg)

Sex/age (y) F7y M/17y M/4y1lm F/39y M/37 y M/10 y 5m F/8y5m M/3y9m

Height (cm)/ 144.7/—3.1 155/—2.8 98.8/—14 149/-2.1 135/-5.9 137.2/-0.9 131.6/-0.2 95.6/—1.7

SD

Weight (kg)/ 54/—0.1 57/—0.7 15/-1.6 54.3/0 42.3/-2.2 37.2/-0.6 31/0.2 15.7/—0.6

SD

Short nose + + + + + + + +

with flat nasal bridge (Nose vestigial) (Nose vestigial) (Nose vestigial) (Nose vestigial) (Nose vestigial) (Nose vestigial)

Prominent forehead + + + + + + + +

Iris color at infancy* Light brown Black Gray Gray Gray Gray Gray > brown Gray

Mental retardation Mild Severe Severe Severe Severe Mild to Severe Severe Mild

Developmental milestone Delayed Delayed Delayed Delayed Delayed Delayed Delayed Normal

Radiologic findings

Peripheral skeletal dysplasia Severe Severe Severe Severe Severe Severe Severe Mild

Nasomaxillary hypoplasia Severe Severe Severe Severe Severe Severe Severe Mild

Brachydactyly Severe Severe Severe Severe Severe Severe Severe Mild

Advanced bone age Yes Yes Yes Yes Yes Yes Yes Yes

Laboratory findings

Hormonal resistance No No No No No No No Yes

PTH/Ca/P 34/9.8/3 9/4.1 NA/10.2/4.5 64.4/9.4/3.2 61.7/9.3/3.4 41/9.6/4.4 NA/9.8/5.3 56/9.5/5.0 PTH: 11-62 pg/ml
Ca: 8.4-10.2 mgy/d!
P: 2.5-4.5 mg/d!

25-vit. D 15.29 NA NA NA NA NA NA 34.52 8-51.9 mgydl

fT4/TSH 1.54/2.25 1.17/0.91 1.5/1.54 1.25/1.25 1.26/0.41 1.6/1.79 1.15/NA 0.98/67.51 {T4: 0.89-1.8 ng/dl
TSH: 0.35-5.5 ulU/mi

hGH 0.05 NA NA NA NA NA NA 0.82 0-4.7 ng/ml

IGF-1 2108 272.3 112.6 NA NA NA NA 152.6 49-642 ng/ml

LH/FSH 3.1/6.3 5.5/3.5 NA NA NA NA 0.1>/1.8 1.2/15 LH: 0-10.6 ulU/ml
FSH: 0.1-9 ulU/ml

ACTH 9.9 NA NA NA NA NA 88.3 348 0-60 pg/ml

Estradiol 39 295 NA NA NA 0.11 NA <0.01 Estradiol: 10-441 pg/ml

Testosterone™ Testosterone: 2.79-8.76 ng/ml

* Reference cDNA sequence: NM_001104631.
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as on the family members of the Korean patients (both parents and a
brother of patient 1; mother and a sister of patient 2; and both parents
of patient 8). After identifying the causative gene, exomes of 3 unrelated
Japanese patients were also analyzed.

2.2.1. Exome sequencing

2.2.1.1. Library construction. Each sample that was sequenced was pre-
pared according to HHlumina protocols. Briefly, 1 ug of genomic DNA
was fragmented by nebulization, the fragmented DNA was repaired,
an ‘A’ was ligated to the 3’ end of fragments, [llumina adapters were
then ligated to the fragments, and the samples were size selected,
aiming for products of 350-400 base pairs. The size-selected products
were amplified using PCR, and each final product was validated using
Agilent Bioanalyzer. Before first hybridization, multiple libraries with
distinct indices were combined into a single pool and then enrichment.
The pooled DNA libraries were mixed with the “capture” probes against
the targeted regions and incubated for the recommended hybridization
time, which ensured that the targeted regions bound completely to the
capture probes. Streptavidin beads were used to capture the probes
bound to the targeted regions and the beads were washed thrice to re-
move non-specifically bound DNA. The enriched library was then eluted
from the beads and prepared for a second hybridization. The DNA li-
brary obtained from the first elution was mixed with the capture probes
against the target regions, and the second hybridization ensured that
the targeted regions were enriched further. Streptavidin beads were
used again to capture the probes containing the targeted regions and
the beads were washed thrice to eliminate non-specifically bound
DNA. The library thus enriched was eluted from the beads and prepared
for sequencing. PCR was used to amplify the enriched DNA library for
sequencing. PCR was performed using the same PCR primer cocktail
used in TruSeq DNA Sample Preparation. Axeq Technologies conducted
quality-control analysis on the sample library and quantified the DNA li-
brary templates.

2.2.1.2. Clustering and sequencing. Illumina used a unique “bridged” am-
plification reaction that occurs on the surface of the flow cell. A flow cell
containing millions of unique clusters was loaded into HiSeq 2000 for
automated cycles of extension and imaging.

2.2.1.3. Extension and imaging. Solexa's Sequencing-by-Synthesis used 4
proprietary nucleotides possessing reversible fluorophore and termina-
tion properties. Each sequencing cycle occurred in the presence of all 4
nucleotides, leading to a higher accuracy than with methods where a
single nucleotide at a time is present in the reaction mix. This cycle
was repeated, one base at a time, generating a series of images, each
representing a single base extension at a specific cluster.

2.2.14. Sequence analysis. Paired-end sequences produced by HiSeq
2000 were mapped to the human genome, where the reference se-
quence was the UCSC assembly hg19 (NCBI build 37), without unor-
dered sequences and alternate haplotypes; the mapping program used
was BWA (version 0.5.9rc1). Uniquely mapped reads were only includ-
ed for the latter steps. After generating a consensus sequence by creat-
ing a pileup file from the BAM file, a variant-calling process was run
using SAM tools (version 0.1.12a), at which stage candidate SNPs and
short indels were detected at nucleotide resolution. These variants
were then annotated using ANNOVAR (version 2011Jun18) based on
functional predictions, including SIFT and PolyPhen, to filter SNPs from
the dbSNP for versions of 131 and 132, and to search SNPs from the
1000 Genomes project. Finally, in-house scripts and open programs
were used to estimate various numbers obtained from all stages.

For consistency, the PDE4D residue numbering that we adopt
here is based on the reference PDE4D4 isoform (GenBank accession
No. NP_001098101) because the Leiden Open Variation Database

(LOVD) of human Mendelian genetic variation uses human PDE4D4
(NP_001098101) as the reference sequence.

2.2.2. Sanger sequencing

Genomic DNA was extracted from peripheral blood leukocytes using
Wizard Genomic DNA Purification kit, following the manufacturer's in-
structions (Promega). PDE4D exons and their flanking introns were am-
plified using primer sets we designed (available upon request). PCR was
performed using a thermal cycler (model 9700, Applied Biosystems) as
follows: 32 cycles of denaturation at 94 °C for 30 s, annealing at 60 °C
for 30 s, and extension at 72 °C for 30 s. After treating the amplicon
(5 pL) with 10 U of shrimp alkaline phosphatase and 2 U of exonuclease
[ (USB Corporation), direct sequencing was performed using a BigDye
Terminator Cycle Sequencing Ready Reaction kit (Applied Biosystems)
on an ABI Prism 3130x] genetic analyzer (Applied Biosystems). Novel
PDE4D variants were confirmed on more than 2000 ethnicity-matched
control chromosomes by sequencing. To describe sequence variations,
we followed the guidelines of the Human Genome Nomenclature
Committee (HGVS); the ‘A’ of the ATG translation start site was num-
bered + 1 in DNA sequences and the first methionine was numbered
-+ 1 in protein sequences.

2.3. Functional studies

The disease-associated mutants are denoted as per PDE4D4 as the
LOVD of human Mendelian genetic variation using human PDE4D4
(NP_001098101) as the reference sequence. This particular isoform is
not widely expressed and is found predominantly in the brain [47].
We, have thus made and functionally characterized these mutations in
the commonly expressed PDE4DS5 isoform [47].

To predict the structural change in PDE4D mutations, molecular
modeling and docking simulation of wild-type (WT) and mutant
PDE4D were conducted, and we tested whether overexpression of re-
combinant WT or mutant PDE4D5 proteins affects the intracellular
cAMP levels in HEK293 cells after treating with the adenylyl cyclase ac-
tivator, forskolin.

Next, we measured the cAMP-hydrolyzing activity of the PDE4D mu-
tant in Epstein~Barr virus (EBV)-transformed lymphocytes from patient
8 (with PRKARIA p.R368" mutation) and patient 6 (with PDE4D p.L230S
mutation), and we determined the phosphorylated Cyclic AMP Re-
sponse Element-Binding Protein (pCREB):CREB ratio in the patient
cells by Western blotting. We also measured total PDE and PDE4-
specific activity to determine whether PDE4D mutations affect cAMP
hydrolysis in the EBV-immortalized lymphocytes from the patients
and control subjects. We determined the total cAMP-hydrolyzing activ-
ity in the presence or absence of the pan-PDE inhibitor IBMX, which in-
hibits all cAMP-hydrolyzing PDEs except PDES [8]. We also conducted
these assays in the presence of the PDE4-specific inhibitor rolipram
[8-11] to estimate the PDE4 fraction of total PDE activity. Lastly, we
measured the expression of PDE4 and its isoforms in the patient cells
and control cells.

2.3.1. Molecular modeling and docking simulation of wild-type and
mutated PDE4D

We built 3D structural models for the catalytic domain of the PDE4D
wild-type (WT) and its 2 mutants (p.Gly673Asp and p.lle678Thr; based
on PDE4D4). In PDB, several X-ray structures of PDE4D are available,
and their overall structures are similar to each other and display a con-
served shape for the cAMP-binding pocket. For 3D modeling, we
employed a recently proposed high-accuracy template-based modeling
method [48]. This method based on global optimization was shown to
be successful in recent CASP7 and CASP8 protein-structure prediction
experiments {49-51]. A total of 9 templates were used as core templates
(3GA4G, 1ZKN, 10YN, 1ROR, 3LY2, 3G4], 2QYK, 3DYN, and 20UR), and 4
additional templates were used in a combinatorial manner (2H44, 1TBF,
3JWQ, and 3ITU) to consider 16 possible template combinations. The
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final 3D model of each target sequence was selected from among 1600
candidate models by assessing their quality and comparing their struc-
ture with the X-ray structure of WT PDE4D (3G4l). The final models
were all similar to 3G4I, with backbone RMSDs being approximately
0.4 A (0.4 x 10~ m). To estimate the binding affinity between the pro-
tein 3D models and cAMP, we performed docking simulations by using
AutoDock Vina [52], a new and improved version of AutoDock. We per-
formed flexible docking by considering these 14 flexible side-chains
around the cAMP-binding pocket of PDE4D4: D503, D620, Q671,
N623, G673 (D673 for p.Gly673Asp), 1678 (T678 for p.lle678Thr),
Y461, H462, H466, H502, M575, L621, 1638, and F642. A total of 30 ex-
haustive docking simulations were performed for each protein model.

2.3.2. CREB phosphorylation assay

For Western blotting analysis of phosphorylated-CREB levels in cells,
EBV-transformed lymphocytes or HEK293 cells were harvested, washed
with phosphate buffered saline (PBS), and lysed in RIPA buffer. Proteins
were quantified using the BCA assay (Pierce). Equal amounts of whole
cell lysates were separated using SDS-polyacrylamide gel electrophore-
sis (SDS-PAGE) and transferred to nitrocellulose membranes. Western
blotting was performed using antibodies against CREB phosphorylated
at Ser133 (pCREB) and total CREB (Cell Signaling Technology). Blots
were developed using a peroxidase-conjugated secondary antibody
and ECL Plus Western Blotting Detection System (Amersham™).

2.3.3. Quantification of cAMP

The cAMP-measuring kit was purchased from R&D Systems
(Abingdon); cellular cAMP concentrations were measured using the
competitive-binding technique, according to the manufacturer's
instructions.

2.4, Generation of PDE4D knockout rats

The PDE4D knockout (KO) rats were generated and provided by
Transposagen Biopharmaceuticals (Lexington, KY). Pde4d™n(sb-T2/Bart3)
2.285Mewi o1 an F344 background was produced by a single-gene trap
method based on the Sleeping Beauty transposable element [53]. After
confirming trap-vector insertion in the 1st intron of PDE4D, rats homo-
zygous for the PDE4D-targeted KO mutation were mated and pups were
used for further analyses.

3. Results
3.1. Patient profiles and mutations

Seven patients diagnosed as acrodysostosis without hormone re-
sistance were included in the study. The clinical and molecular char-
acteristics of the patients are summarized in Table 1, and detailed
mutation profiles and radiographs of patients are presented in
Fig. 1A-]. The disease-associated mutants are denoted as per PDE4D4
as the LOVD of human Mendelian genetic variation uses human
PDE4D4 (NP_001098101) as the reference sequence [47].

3.2. Three dimensional structure analysis of PDE4D mutants

Analyzing the 3D structure of the PDE4D mutants predicted changes
in the binding efficacy of cAMP to the catalytic pocket in PDE4D
mutants, indicating diminished enzymatic activity in the mutants
(Table 2 and Fig. 2).

Cartoon figures of protein backbone structures (WT, p.Gly673Asp,
and p.lle678Thr; based on PDE4D4) with bound cAMP are shown in su-
perposition in Fig. 2. The 3D models show few structural differences be-
tween WT and the 2 mutants in their backbones and side-chains, except
for the mutated residues. The 2 mutated residues (p.Gly673Asp and
p.lle678Thr), which are positioned at the right-hand side of the cAMP-
binding pocket, are represented by purple stick figures in Fig. 2B.

Table 2 shows the average lowest binding affinity in a docking simula-
tion between PDE4D and its substrate, cAMP. We observed that the
WT protein was slightly more stable with cAMP, by approximately
0.17 kcal/mol, than the 2 mutants. This is because the WT and mutants
have the same conserved binding residues (D503, D620, and Q671)
around the cAMP-binding site, according to the Uniprot annotation;
consequently, the binding conformations that correspond to the lowest
binding energy are nearly identical, with only small variations in side-
chain conformation around cAMP (Fig. 2B). The lowest binding energy
and the number of successful bindings of each protein model are
shown in Table 2. A successful binding corresponds to the formation
of appropriate hydrogen bonds between cAMP and the binding residues
of each protein (Fig. 2B). The standard deviation was calculated from 30
independent docking simulations. For WT PDE4D, all 30 simulations
resulted in the same successful docking conformation that is shown in
Fig. 2B. By contrast, the lowest energy binding conformations of the 2
mutants were found only 4 and 9 times out of 30 simulations
(Fig. 2B), implying that the mutated residues entropically deter the
binding of cAMP to the catalytic pocket and possibly affect enzymatic
activity. The multiple sequence alignment used for 3D modeling
showed that G673 is conserved and 1678 is either conserved or
substituted by a similar hydrophobic residue such as Val.

The Gly673Asp mutation results in the small neutral Gly residue in the
WT protein being exchanged for a bulky negatively charged Asp residue.
This Asp residue in the mutant could potentially interact with the — OH of
cAMP and either block or inhibit cAMP entry into the binding pocket,
thereby preventing efficient catalysis.

The Ile678Thr mutation exchanges a hydrophobic e residue for a
hydrophilic Thr residue. Hydrophobic residues generally shield hy-
drogen bonds that form between the ligand and the protein in the
catalytic pocket by providing a protective hydrophobic cap. There-
fore, ablation of this hydrophobicity by the replacement with hydro-
philic Thr likely interferes with critical internal hydrogen bonds
between the protein and cAMP, and could therefore attenuate effec-
tive catalysis.

3.3. Functional studies on PDE4D mutants

PDE4D encodes a series of isoforms generated through the use of
alternative promoters and alternative mRNA splicing. These isoforms
are characterized by unique N-terminal regions that are invariably
employed to target them to specific signaling complexes in cells, there-
by conferring the unique functionality of the PDE4D isoforms [7,19]. The
reference PDE4D isoform, PDE4D4 isoform is not widely expressed and
is found predominantly in the brain {47]. We, have thus made and func-
tionally characterized these mutations in the commonly expressed
PDEADS5 isoform [47].

We assessed the functional activity of the Gsa-cAMP-PKA signal
transduction pathway in the cells by measuring cAMP hydrolysis and
the phosphorylation status of CREB, which is a pivotal target for PKA ac-
tion. PDE4D5 is a common PDE4D long isoform responsible for
desensitizing CAMP signals that arise from Gs-coupled cell-surface re-
ceptors [54]. We analyzed whether overexpressing recombinant WT
or mutant PDE4D5 proteins affects intracellular cAMP levels in
HEK293 cells treated with forskolin, which activates adenyly! cyclase.
Whereas overexpressing WT PDE4D5 markedly lowered forskolin-
stimulated cAMP levels, overexpressing Q228P-, G673D-, and 1678T-
PDE4D5 mutants at similar expression levels did not (Fig. 3A).

Next, we measured the cAMP-hydrolyzing activity of PDE4D mu-
tants in EBV-transformed lymphocytes from patient 8 (with PRKAR1A
p.R368X mutation) and patient 6 (with PDE4D p.L230S mutation). The
cAMP level in the cells from patient 6 was significantly lower at
30 min after treatment with forskolin when compared to the cells
from the control subject (P = 0.02, Fig. 3B).

Western blotting demonstrated that the pCREB to CREB ratio was
significantly decreased in the cells from both patients 6 and 8 when
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compared with the cells from the control subject (Fig. 3C and D): the with forskolin, lower levels of pCREB were detected in the cells from
basal level of pCREB in EBV-transformed cells from both patients was the patients than in control (Fig. 3D). All cells had similar total CREB
lower than in the control cells (Fig. 3C), and, after a 30-min treatment levels (Fig. 3B and D).
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Fig. 1. Identification and confirmation of PRKARIA and PDE4D mutations. A; The IGV browser view of the PRKARIA gene region from the exome sequencing data shows that patient 8 (bottom
panel) has the c.1101C > T (p.Arg368X) mutation in the PRKARIA gene (arrow), but the father (top panel) and mother (middle panel) have the WT sequence. B; The IGV browser view of the
PDE4D gene region from the exome sequencing data shows that patient 1 (bottom panel) has the c.2033 T > C (p.lle678Thr) mutation in the PDE4D gene (arrow), but the father (top panel),
mother (upper middle panel), and brother (lower middle panel) have the WT sequence. C; Sanger sequencing confirmed that patient 1 has a heterozygous mutation (¢.2033 T > C; p.lle678Thr)
in the PDE4D gene (arrow), whereas the other family members have WT sequences. D; The IGV browser view of the PED4D gene region from the exome sequencing data shows that patient 2
(bottom panel) has the ¢.2018G > A (p.Gly673Asp) mutation in the PDE4D gene (arrow), but the mother (top panel) and sister (middle panel) have the WT sequence. E; Sanger sequencing
confirmed that patient 2 has a heterozygous mutation (c.2018G > A; p.Gly673Asp) in the PDE4D gene (arrow), whereas the other family members have WT sequences. F; A comparison of the
protein sequences of human, chimpanzee, orangutan, dog, mouse, and zebra fish orthologs of PDE4D shows that p.Gly673 and p.lle678 are highly conserved residues. G; The IGV browser view
of the PED4D gene region from the exome sequencing data shows that patient 4 (upper panel) and patient 5 (lower panel) have the c.683A > C (p.GIn228Pro) mutation in the PDE4D gene
(arrow). H; Sanger sequencing confirmed that patients 4 and 5 have a heterozygous mutation (c.683A > C; p.GIn228Pro) in the PDE4D gene (arrow). [; Schematic diagram and Sanger sequenc-
ing of 3 mutations detected in the PDE4D genes in patients 6, 7, and 3. Mutations are indicated on a PDE4D protein structure with conserved domains. P: phosphorylation sites. UCR: upstream
conserved region. J; X-ray views of hands and feet of patients 1, 2, and 8 revealing typical characteristics of acrodysostosis: shortening of the metacarpals, metatarsals, phalanges, and cone-
shaped epiphyses. Patients 1 and 2 showed more severe bony abnormalities than patient 8.



