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Abstract

Purpose: Protein kinase A (PKA) subunit defects (in PRKARLA and PRKACA) are known to
contribute to adrenal tumor pathogenesis. We studied the PRKAR1B gene for any genetic changes
in bilateral adrenocortical hyperplasia (BAH) and cortisol-producing adrenal adenomas (CPA).

Methods: Exome sequencing and PRKAR1B copy number variant (CNV) analysis were
performed in 74 patients with BAH and 21 with CPA. PKA activity was studied in tumors with
defects; sequence variants were investigated in vitro.

Results: Three PRKARI1B germline variants (p.140V, p.A67V, p.A300T) were identified among
74 patients with BAH. PRKAR1B copy number gains (CNG) were found in 3 of 21 CPAs, one in
a tumor carrying a somatic PRKACA “hot-spot” pathogenic variant p.L206R. CPAs bearing
PRKAR1B CNGs showed higher PRKAR1IB mRNA levels and reduced PKA activity. Baseline
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PKA activity was also decreased for p.A67V and p.A300T in vitro, and mutant PRKAR1p bound
PRKACa in FRET recordings of co-transfected HEK293 cells stronger than normal.

Conclusion: PRKARIB s yet another PKA subunit that may potentially contribute to adrenal
tumor formation. Its involvement in adrenocortical disease may be different from that of other
subunits, because PRKARI1B variants and PRKAR1B CNG were associated with decreased
(rather than increased) overall PKA activity in vitro.
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INTRODUCTION

Protein kinase A (PKA) is a tetrameric enzyme composed of a regulatory (R) dimer and two
catalytic (C) subunits.! There are four different R-subunits (Rla, RIB, Rlla and RIIB) and
four C-subunits (Ca, CB, and Cv, and PRKX) that act as serine threonine kinases.! In 2000,
defects of the PRKAR1A gene (MIM: 188830) coding for the Rla subunit and causing
Carney complex (CNC [MIM: 160980]) were discovered. CNC is a rare multiple neoplasia
syndrome inherited in an autosomal dominant manner.23 PRKAR1A pathogenic variants
were also found in isolated primary pigmented nodular adrenocortical disease (PPNAD) and
cortisol-producing adenomas (CPA) causing Cushing syndrome (CS).*® A single patient
with CNC-associated tumors was found to have somatic mosaicism for a copy humber gain
(CNG) of the PRKACB gene coding the CpB subunit (MIM: 176892).5 Recently, we
described a somatic PRKACB sequencing variant in a CPA of a patient with CS.” Defects in
PRKACA, coding for the Ca subunit (MIM: 601639), were identified in isolated PPNAD,
CPA, and other adrenocortical tumors®-11 and cardiac myxomas.12 PRKACA chromosomal
rearrangements have been found in fibrolamellar hepatocellular carcinomal and in
intraductal oncocytic papillary neoplasms of the pancreas and bile duct, along with
PRKACB defects.1* The genomic profile of CPAs that did not have the common genetic
defects was also investigated recently: 1516 among the identified sequence abnormalities and
copy number variants (CNV), chromosome 7p22 CNG that included the PRKAR1B gene,
coding the R1@ subunit (MIM: 176911), were the most frequent.1® In almost all cases,
PRKARI1B CNG was seen in association with other defects that were thought to be drivers
of the phenotype, such as for example PRKACA amplification (chromosome 19p13.3) or p-
catenin (CTNNBI [MIM: 116806]) activating pathogenic variants.16

The PRKAR1B subunit, less studied compared to PRKAR1A or PRKACA, is ubiquitously
expressed, but at much lower levels than other PKA subunits with the exception of certain
areas of the brain (https://v18.proteinatlas.org/ENSG00000188191-PRKAR1B/tissue).1’
PRKARI1B s on chromosome 7p22, a region that has been implicated in primary
hyperaldosteronism (PA) but not in CS,18 and in fusion sequences in various neoplastic
conditions.1® The R1B PKA type-1 (PKA-1) holoenzyme has a more than two-fold higher
sensitivity to cyclic adenosine mono-phosphate (cCAMP) than the R1a PKA-I which serves
better neuronal transmission of CAMP signaling and associates with certain tissue-specific
anchoring proteins.17:20
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Following the identification of the first 7p22 CNGs in cortisol-producing lesions, 1516 we
investigated patients with CS due to micronodular forms of bilateral adrenocortical
hyperplasia (BAH) or CPA for PRKARI1B variants and 7p22 CNG. Our results confirmed
PRKARIB's potential for being involved in the perturbations of CAMP signaling that give
rise to adrenocortical disease.

MATERIALS AND METHODS

Ethics Statement

All patients were recruited under protocols for the study of PPNAD and other BAH, and
CPA.. Approval was obtained from the Institutional Review Boards of the Eunice Kennedy
Shriver National Institute of Child Health and Human Development (NICHD) (1995-2011)
and the National Institute of Diabetes and Digestive and Kidney Diseases (NIDDK) (2011-
2020); the patient’s informed consent was obtained and the patient’s assent and/or parents’
consent as appropriate.

Clinical and DNA studies

Tumor samples were obtained from patients at surgery, as previously described.?! DNA was
extracted from peripheral blood and fresh-frozen tissues, as previously described.’” Exome
sequencing was conducted as we have described elsewhere.# 78 In brief, exome DNA was
captured using the SureSelectXT Human All Exon version 4 Kit (Agilent, CA), following
the manufacturer’s protocol, and then sequenced on a pair of SOLID 5500xI flowchips
(Thermo Fisher Scientific, MA). All patients had been screened for germline pathogenic
variants of PRKARI1A, PDE11A (MIM: 604961), PRKACA, and related genes, as part of
older studies;®10.21 their peripheral DNA samples were negative for any variants in these
genes, confirmed also by Sanger sequencing.

The PRKAR1B-coding and the flanking intronic sequences were amplified by PCR both in
peripheral and tumor DNA and sequenced by the Sanger methodology, to confirm exome
sequencing findings; both strands of the amplified products were directly sequenced with
forward and reverse primers, as we have published elsewhere.”:8

CNV analysis through droplet digital polymerase chain reaction (ddPCR)

To quantify the DNA copy number of the PRKAR1B gene, we performed ddPCR using the
FAM/MGB-labeled TagMan probes for PRKAR1B (Hs04991422 cn, Hs04982006 cn,
Hs04981093 cn) (Thermo Fisher Scientific, MA) and VIC/TAMRA-labeled TagMan CNV
RNAse P (#4403328) (Bio-Rad Laboratories, CA) as the internal control. This analysis was
performed on DNA derived from adrenal tissues of the 21 patients with CPA. The ddPCR
experiments were performed as follows: each 21-uL reaction mixture contained 2uL of DNA
template (20 ng total), 2x ddPCR supermix for probes (no dUTP), and PRKAR1B and
RNAse P probe assays. The assays were purchased as a 20x premix of probes and used at 1x
concentration. After homogenization, the PCR reaction mixture and droplet generation oil
for probes were loaded into an eight-channel droplet generator cartridge (Bio-Rad
Laboratories, CA). The PCR reaction mixtures were partitioned into an emulsion of
approximately 15,000 droplets (~1 nL per droplet) that were manually transferred to a 96-
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well PCR plate. The PCR plate was heat sealed and placed in a conventional thermal cycler,
and PCR proceeded according to the manufacturer’s protocol. Following the PCR, the 96-
well plate was loaded on a QX100 droplet reader (Bio-Rad Laboratories, CA). Analysis of
the ddPCR data was performed with QuantaSoft software (Bio-Rad; version 1.7.4.0917,
CA), which analyzes each droplet individually using a two-color detection system (set to
detect FAM or VIC dyes). The absolute quantification of DNA is directly dependent on the
number of accepted droplets (positive and negative) and the DNA quantity analyzed. The
calculation of the 95% CI given by the Poisson law and the distribution of the CNV values
according to our sample cohort and controls led us to consider a sample as duplicated if the
CNV value was > 2.5 and Poisson CNV minimum value (CNVmin) (95% CI) > 2.0.

In silico analyses

Genetic variants were evaluated by MutationTaster (http://www.mutationtaster.org/),
Polymorphism Phenotyping v2 algorithm tool (PolyPhen-2) (http://
genetics.bwh.harvard.edu/pph2), SIFT (Sorting Tolerant From Intolerant) algorithm (http://
sift.jevi.org), Mutation Assessor (http://mutationassessor.org/r3) and FATHMM (Functional
Analysis through Hidden Markov Models v2.3) (http://fathmm.biocompute.org.uk/), to
predict the possible impact of the amino acid substitution on the structure and function of the
corresponding proteins. Variants that were predicted as damaging by more than three /in
silicotools and also have a frequency in gnomAD less than 1% were selected for further
studies.

In silico modeling

Structural images were prepared using the PyMOL software (www.pymol.org). The
structure of the mouse full-length dimeric R1B:Ca. (pdb: 4DIN)?2 was used to display the
PKA catalytic (Ca) and regulatory (R1p) subunit structures. To display the position of
cAMP, an alignment of the cyclic nucleotide binding domain of R1a (pdb: 5KJX) was
performed.2® For the visualization of a tetrameric R1B:Ca holoenzyme, an alignment with
the tetrameric R2B(2):Ca.(2) holoenzyme was used.2*

DNA constructs and cell culture

The wild-type (WT) (NM_001164760.2) and 2 variant (p.A67V and p.A300T) PRKARI1B
sequences were introduced into different expression vectors according to the method
described elsewhere.”

Fluorescence resonance energy transfer (FRET) by acceptor photobleaching

HEK?293 cells (ATCC) were seeded onto 12 well plates and left overnight to recover. The
HEK293 cells were transfected with R1p-Venus and Ca-Cerulean vectors (1 pg each) and
9h later the cells were placed in low-serum medium (0.5% FBS) for 12 h before
stimulations. Experiments were performed on the confocal microscope Zeiss LSM 880
Airyscan as described previously (Zeiss, NY).2° Ca-Cerulean was imaged with the 405-nm
laser, R1p-Venus with the 514-nm laser. Using a custom region of interest (ROI), R1p-Venus
in one cell was bleached with the 514-nm laser at 100% transmission until the overall
intensity dropped to between 80% and 50% of pre-bleach values. The R1p-Ca interaction
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was calculated by the difference in Cerulean intensity pre-versus post-bleaching. In each

experiment, 15-20 bleaches on different cells were performed. Results shown are the
combined results of three separate experiments.

Protein kinase A (PKA) enzymatic activity assay

HEK293 cells (ATCC) were transfected with 1ug of PRKAR1B vector and left for 24h.
Tissues were homogenized in freshly prepared lysis buffer (10 mM Tris-HCI (pH 7.5), 1
mM EDTA, and 1 mM dithiothreitol with 0.5 mM PMSF and protease inhibitor cocktail |
(1:100; EMD Biosciences, CA). BCA assays were performed as per manufacturer’s protocol
to determine the total protein concentrations of samples (Pierce) (Thermo Fisher Scientific,
MA). Samples were diluted to 1 pg/pL and 10 pL of total protein was used for each reaction.
PKA enzymatic assays were performed by kemptide assay, using 25 pM kemptide (Leu-Arg-
Arg-Ala-Ser-Leu-Gly), as previously described with and without cAMP (5 uM).26 Alll
reactions for basal and cAMP-stimulated (total) PKA activity were carried out in duplicate.
Additionally, activity values for replicate reactions that were incubated in the presence of
protein kinase inhibitor (PKI) (5 nM) were subtracted from activity values to account for
non-specific kinase activity.

In vitro PKA activity assay in tumor cell lysates

Statistics

RESULTS

PKA catalytic activity was measured with or without the addition of cAMP using the
PepTag non-radioactive cAMP-dependent protein kinase assay (#V5340, Promega, WI)
using Kemptide (LRRASLG) as previously described.28 Images of the gels were acquired
with a gel documentation system (Herolab) and analyzed using the ImageJ software (http://
rsbweb.nih.gov/ij).

Data are presented as the mean + SEM. Data normality was assessed by Shapiro-Wilk test
and the appropriate statistical test was used. The significance was determined by one-way
ANOVA with multiple comparisons in the PKA activity assay as the data were normally
distributed. For the FRET by acceptor photobleaching experiment, data were not normally
distributed and Mann-Whitney test was used. Statistical significance was set at P < 0.05 and
analyses were carried out using the GraphPadPrism 6 (GraphPad®) software.

Clinical studies

We studied 74 patients with micronodular forms of BAH with an average age of onset of CS
11.7 years (the minimum age was 8 months and maximum 46 years) and 21 patients with
CPA with an average age of onset of CS 40.4 years (minimum age 6 months and maximum
66 years ), all referred for the investigation of corticotropin (ACTH)-independent CS. These
patients were recruited by only one center (National Institutes of Health, Bethesda, MD,
USA) over 25 years (1995-2020).

A. Patients with germline PRKAR1B variants—Three patients among 74 with
isolated micronodular adrenocortical disease (iIMAD) and no signs of CNC were found to
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carry germline PRKARIB variants. The first patient (CAR757.03) was a 4-year-old female
patient with CS that underwent bilateral adrenalectomy (ADX) but eventually succumbed to
complications of her disease; her case has been published.?” Her disease was initially
categorized as PPNAD but upon further review she was reclassified as iMAD, since she had
minimal pigmentation and no other signs of CNC.27:28 She was found to carry the
€.118A>G (p.140V) PRKARIB variant. The second patient (CAR762.03) had been
diagnosed with Beckwith-Wiedemann syndrome (BWS [MIM: 130650]) and was included
in a case series of patients with BWS, adrenal lesions, and ACTH-independent CS that we
reported elsewhere.?? She underwent ADX at the age of 8 months. There is no more clinical
information on this patient at this time. She was found to carry the ¢.200C>T (p.A67V)
PRKARI1B variant. The third patient (CAR521.01) carried the germline c.898G>A
(p.A300T) PRKAR1B variant. She underwent ADX for CS at the age of 9 years; her
histology was typical for iMAD without any findings of PPNAD.2127 At the age of 16 years,
the patient was diagnosed with liver focal nodular hyperplasia (FNH) (data not shown). At
present, she is 28 years old and healthy on glucocorticoid and mineralocorticoid replacement
without any signs of CNC or other tumors. In all cases, family DNA was not available to
study the inheritance of these PRKAR1B variants.

B. Patients whose tumors carried somatic 7p.22 CNV containing the
PRKAR1B gene—Three patients with CPA among 21 were found to have CNG of the
chromosome 7p22 PRKAR1B gene-harboring locus in their tumors (14.3% of total) (Fig.
3c). None carried germline variants in any of the examined genes. The tumor DNA was fully
sequenced in all cases, and 1 of the 3 tumors carried the L206R PRKACA “hot-spot” variant
that we and others have described previously.8 The subject’s heavily pigmented CPA
(ADTA47.03) was included in a case series presented elsewhere.30

Nothing unusual was identified in the histology of the other two CPA (ADT35.02 and
ADT183.02). The clinical comparison for the two groups of patients is shown in Table S1.
The mean age of presentation with ACTH-independent CS of the 3 patients with CPA and
7p22 CNG was 47.74 + 3.35 years old; these patients were females. Among the remaining
18 patients, 15 and 3 were females and males respectively, with a mean age of 39.54 + 5.03
years old. The biochemical data showed (Table S1) that the 3 patients with the CPA carrying
7p22 CNG had higher cortisol levels post high-dose dexamethasone suppression test
(HDDST) (452.64 + 0.00 versus 308.568 + 57.13 nmol/L) and higher 17-hydroxysteroid
(17-OHS) levels (15.00 * 4.80 versus 8.88 * 1.56 ug/g creatinine/24h) but similar 24h
urinary free cortisol (UFC). The size of the tumors was also similar in the two groups.
However, these differences were not statistically evaluated due to the small number of the
tumors.

In silico analyses

Two of the identified PRKARI1B variants (p.A67V, p.A300T), the two rare ones, were in
regions of the protein that are highly conserved evolutionarily (Table 1). The variant p.A67V
was predicted as damaging for the function of the protein in 3 out of 5 /n silico prediction
tools used. And, the variant p.A300T was predicted as damaging by the 5 tools (Table S2).
In the gnomAD database v2.0.1, the allele frequency for the p.140V, p.A67V and p.A300T is
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0.013545, 0.00019396 and 0.0000648, respectively (Table S2). None of the identified
variants were found in the TCGA database of PRKAR1B sequence variation from a variety
of human cancers (Table S3).

In silico modeling

As shown in Fig. 1a, Alanine in position 300 is part of the cyclic nucleotide binding domain
of R1B. Therefore, the p.A300T substitution may be affecting cCAMP binding and, indirectly,
the interaction of R1p with the, Ca subunit. As shown in the Fig. 1, threonine is bulkier
compared to alanine and, thus, may interfere with cAMP binding, hindering the cAMP-
dependent dissociation of the R1p - Ca complex. As depicted in Fig. 1b the Alanine in
position 67 is part of the N-linker, a flexible region connecting the inhibitory sequence with
the D/D domain for which there is little information on the possible effects on the R1p - Ca
association or other functions.22 Mutation of the Isoleucine in position 40 (Fig. 1c) may
interfere with holoenzyme formation or the association with PKA-binding proteins including
“A-kinase anchoring proteins (AKAPs)” as predicted by llouz et al.22

In vitro expression studies and PKA enzymatic activity of PRKAR1B variants

We focused our functional studies on the p.A67V and p.A300T variants only, as the p.140V
variant is located on an amino acid that is not conserved along the different species (Table 1)
and is found relatively frequently in the general population; it was also predicted to be
mostly benign by /n silico analyses (Table S2). If this variant had any function it would most
likely be related to AKAP-binding for which there is no readily available assay. As shown in
Fig. 2a (left panel), when we expressed these two PRKAR1B variants (p.A67V and
p.A300T) in HEK293 cells, they had decreased basal PKA activity although the data for the
p.A67V-bearing construct failed to reach statistical significance. Both constructs behaved as
the normal PRKAR1B did when stimulated with cAMP (Fig. 2a, right panel). Also, when
performed fluorescence resonance energy transfer (FRET) studies, both constructs appeared
to not release the main PKA catalytic subunit Ca (Fig. 2b) at an approximately equal rate;
the difference from the WT R1p-Ca interaction was significant for both p.A67V and
p.A300T variants.

PKA activity and PKA subunit expression of CPA bearing chromosomal 7p22 gains

We measured PKA activity and PKA subunit expression in the tumors that had 7p22 CNG.
Tumor ADT35.02 and ADT47.03 are depicted in Fig. 3a, b, respectively. These are the
tumors in positions 10 and 12 in Fig. 3c which depicts just one of the three different probes
that confirmed the presence of 7p22 CNG. Tumor ADT47.03 (heavily pigmented and shown
in Fig. 3b is tumor 12 in the graph) is indicated throughout Fig. 3 with an asterisk (*), as this
is the CPA that also carried the L206R PRKACA “hot-spot” pathogenic variant.3? The 3
tumors with 7p22 CNG had lower basal PKA activity but no differences in total PKA
activity compared to the normal (NL) CPA (N=5) without 7p22 CNG (Fig. 3d). As expected
from the 7p22 CNG containing the PRKAR1B gene, the 3 CPAs with 7p22 CNG had higher
expression of the PRKAR1B mRNA compared to the 5 CPA that did not contain 7p22 CNG
(Fig. 3e).
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DISCUSSION

In this report, we identified both sequence variants and chromosomal amplification of the
PRKARIB gene in iMAD and CPA, respectively, associated with ACTH-independent CS.
The study was prompted by a genome-wide search of CNV in CPA that identified 7p22
amplification in a small number of adenomas.1>:16 To date, the only other human disease
thought to be caused by a PRKAR1B defect is a rare form of a late-onset neurodegenerative
disorder presenting with dementia or Parkinson’s syndrome that is characterized by
abundant neuronal inclusions with immunoreactivity for intermediate filaments.31 A
heterozygous ¢.149T>G (p.L50R) PRKAR1B missense substitution was found to segregate
with the disease in 12 members of a large family. However, other studies failed to identify
PRKARIB defects in large numbers of patients with these rare forms of neurodegenerative
disorders,32:33 and there were no functional studies of the p.L50R variant.

Two of the identified PRKARIB variants (p.A67V, p.A300T) in our cohort were rare and in
highly conserved parts of the protein (Table 1); in functional studies, they decreased basal
PKA activity and were bound with higher affinity to the PKA catalytic subunit (Fig. 2a, b).
The p.A67V variant is in the D/D domain which is hypothesized to be unique for its role in
binding to the catalytic subunit in the R1B-Ca complex22 and the p.A300T variant may
interfere with cAMP binding which is essential for the release of the catalytic subunit from
the R1B-Ca complex (Fig. 1).

We also confirmed 7p22 CNG in 3 of 21 CPA (14.2%) with probes designed to specifically
detect the PRKAR1B gene (Fig. 3c). This is a much higher percentage than what was
reported previously; 116 however, the two techniques employed were different and we
searched specifically for PRKAR1B amplification. A much larger study of our methodology
needs to be completed to see how frequent these alterations are in CPAs, since our study was
underpowered for determining the true rate of PRKAR1B-containing CNGs. Nevertheless,
the amplification of the gene led to higher expression of the PRKAR1IB mRNA which
confirmed the genomic finding (Fig. 3e). Like in the previous study by Ronchi et al., in
which 7p22 CNG were found in association mostly with CTANBI pathogenic variants®, in
one of our subjects’ CPAs, PRKARI1B amplification was present along the L206R PRKACA
“hot-spot” pathogenic variant.

In terms, of genotype-phenotype correlation, we did not see an obvious difference between
CPAs that had PRKAR1B CNGs and those that did not (Table S1). We also did not see any
differences among patients with BAH. The two groups of patients, BAH and CPAs differed
in age, since BAHs in general occur much earlier in life. This is also expected for diseases
that are due to germline defects versus those caused by somatic defects of the same gene, as
seen in other conditions. Finally, in a much larger study of BAHSs that is ongoing, we have
not found any significant genetic or genomic changes that could account for additional
phenotypic effects (data not shown).

The question that emerges of course is what is the functional significance of PRKAR1B
CNG, if they are present alongside “driver” pathogenic variants such as CTAVNBI8 or
PRKACA defects? The answer to that, in part, may be answered by the PKA enzymatic
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activity data for both PRKARI1B sequence variants found in our patients (Fig. 2a) and CPAs
carrying PRKARI1B CNG (Fig. 3d). In all cases, PRKARIB alterations led to decreases in
basal PKA activity which is probably due to higher retention of the catalytic subunit by the
R1B-Ca heterodimer in the PKA tetramer, as suggested by the FRET experiments (Fig. 2b).
Additional studies of PRKAR1B activity in adrenocortical cell lines are needed to interpret
our data, since what we presented here were results from HEK293 cells only. Nevertheless,
it may be speculated that this tighter binding may be the case in tumors bearing PRKARIB
amplifications, the latter of which lead to an increase in available R1p protein. Such an
increase in the amount of R1p in adrenocortical cells should not be overlooked as
unimportant, both due to R1B’s role in mitochondria that are essential for steroidogenesis, 22
as well as for its proven capacity to form heterodimers with R1a,17:20 a unique feature
among PKA subunits.

Thus, one could speculate that the mechanism of tumorigenesis in BAHs (iMAD) and CPAs
bearing PRKARI1B variants or CNG, respectively, is perturbation of PKA signaling in
adrenocortical cells. This can be explained by disturbance of the relative ratios of
PRKARIA and PRKACA molecules that are available to the cAMP response, molecules
with proven direct and causative involvement when mutated in other BAHs (PPNAD) and
CPA, respectively.28 There is ample evidence that PRKAR1B can be altered when
PRKARI1A is deficient in adrenocortical cells.3*35 Although Prkar1b-deficient mice did not
have an obvious adrenocortical phenotype,36:37 most of their examination focused on
neuronal abnormalities because of the preponderance of R1p expression in brain.17:22
Prkar1b-deficient mice had defective hippocampal long-term depression and depotentiation
and diminished inflammation and nociceptive pain.36:37 However, PRKARI1B is not only
expressed in the adrenal cortex and its levels are zone-specific,38 but also appears to be
essential for steroidogenic differentiation and regulation of PKA signaling by histone
methyltransferase EZH2.39 The latter data are an example of how altered PRKARIBin
Ezh2-deficient mouse adrenals can lead to PKA signaling defects resulting in phenotypes
that one would typically associate with PRKAR1A or PRKACA,; the fact is that any
perturbation of PKA signaling can lead to adrenal abnormalities given the sensitive balance
of functionally interacting pathways in adrenocortical zonation and tumorigenesis.3%:40

In conclusion, this investigation reveals sequencing variants of the PRKAR1IBPKA
regulatory subunit in the germline of unrelated patients with iMAD and somatic PRKAR1B
amplifications in CPA and confirms PRKARI1B’s potential for being involved in the
perturbations of cCAMP signaling that give rise to adrenocortical disease, although additional
studies are needed for elucidation of R1p’s role in the pathogenesis of BAH and CPA
leading to CS. Also, the data reveal possible new roles for R1p in disease pathogenesis;
PRKARI1B should be included in the candidate genes for suspected PKA signaling defects
in patients with phenotypes that overlap with those that carry PRKARIA, PRKACA and
PRKACB defects.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Location of p.A300T (a), p.A67V (b) and p.140V (c) missense variants.
(a) Position of A300 in the R1p subunit (pdb: 4DIN). Zoomed in regions show A300 and its

in silico replacement with T. CAMP is shown based on an alignment with the cyclic
nucleotide binding domain of R1a (pdb: 5KJX). (b) Position of the flexible N-linker region,
which is not resolved in the crystal structure and therefore does not reveal the position of
AB7. (c) Position of 140 in a tetrameric R1p-Ca complex based on an alignment of the
dimeric R1p-Ca complex (pdb: 4DIN) to a tetrameric R2p-Ca holoenzyme (pdb: 3TNP).
R1p and Ca subunits are depicted in grey and blue respectively.
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Fig. 2. Effect of PRKAR1B variants on PKA activity and R18-Ca interaction in HEK 293 cells.
(a) PRKAR1B wild-type (WT), A67V and A300T variants or Empty Vector (EV) were

expressed in HEK293 cells and PKA activity was measured. Both variants showed a lower
basal PKA activity (in absence of cAMP, left panel) but only significantly different for
A300T compared to the WT. Total PKA activity (in presence of cAMP, right panel) for both
variants did not show any differences than the WT. Each experiment was done in duplicate.
Data represent mean £ SEM and were analyzed by one-way ANOVA with multiple
comparisons, **p < 0.01. (b) Results of Fluorescence resonance energy transfer (FRET)
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when R1B-Ca vectors were co-expressed in HEK293 cells. Energy transfer between R1p-
Ca was measured before and after photobleaching (0-5 sec and 6-30 sec respectively). R1p
harboring any of the two variants (p.A67V or p.A300T) appears to bind stronger to the
catalytic PKA subunit. Results represent three combined separate experiments. Box plots
show median values with upper and lower quartiles, whiskers represent minimal and
maximal values. The different groups were compared by Mann-Whitney test, *p < 0.0001.
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Fig. 3. PKA activity and PRKAR1B subunit expression in tumorswith 7p22 CNG.
(a) Tumor sample ADT35.02. (b) Tumor sample ADT47.03. (c) Detection of 7p22 CNG, by

the hs04981093 probe, in tumors ADT35.02, ADT47.03 and ADT183.02 at positions 10, 12
and 17 respectively. (d) PKA activity was measured in tumor cell lysates. The 3 tumors with
7p22 CNG had lower basal PKA activity (in absence of cAMP, left panel) but no differences
in total PKA activity (in presence of cAMP, right panel) from NL CPA (N=5) that did not

contain 7p22 CNG. (€) The 3 CPA with 7p22 CNG showed higher expression of the

PRKAR1B mRNA compared to the 5 CPA that were genomically NL. NL stands for Normal
and the asterisk (*) corresponds to tumor ADT47.03 as this is the CPA that also carried the
L206R PRKACA “hot-spot” pathogenic variant.
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