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Background: An activating mutation (c.617A>C/p.Lys206Arg, L206R) in protein kinase cAMP-activated catalytic subunit alpha
(PRKACA) has been reported in 35% to 65% of cases of cortisol-producing adenomas (CPAs). We aimed to compare the clinical
characteristics and transcriptome analysis between PRKACA L.206R mutants and wild-type CPAs in Korea.

Methods: We included 57 subjects with CPAs who underwent adrenalectomy at Seoul National University Hospital. Sanger se-
quencing for PRKACA was conducted in 57 CPA tumor tissues. RNA sequencing was performed in 13 fresh-frozen tumor tissues.
Results: The prevalence of the PRKACA L206R mutation was 51% (29/57). The mean age of the study subjects was 42112 years,
and 87.7% (50/57) of the patients were female. Subjects with PRKACA L206R mutant CPAs showed smaller adenoma size (3.3+0.7
cm vs. 3.8+1.2 cm, P=0.059) and lower dehydroepiandrosterone sulfate levels (2184180 ng/mL vs. 1,511£3,307 ng/mL,
P=0.001) than those with PRKACA wild-type CPAs. Transcriptome profiling identified 244 differentially expressed genes (DEGs)
between PRKACA L206R mutant (n=8) and wild-type CPAs (n=5), including five upregulated and 239 downregulated genes in
PRKACA L206R mutant CPAs (|fold change| =2, P<0.05). Among the upstream regulators of DEGs, CTNNB1 was the most signif-
icant transcription regulator. In several pathway analyses, the Wnt signaling pathway was downregulated and the steroid biosynthe-
sis pathway was upregulated in PRKACA mutants. Protein-protein interaction analysis also showed that PRKACA downregulates
Wnat signaling and upregulates steroid biosynthesis.

Conclusion: The PRKACA L206R mutation in CPAs causes high hormonal activity with a limited proliferative capacity, as support-
ed by transcriptome profiling.
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INTRODUCTION

Cushing syndrome is a critical state of endogenous hypercorti-
solemia accompanied by metabolic, cardiovascular, and muscu-
loskeletal complications, necessitating surgical or medical treat-
ment. Adrenocorticotropic hormone (ACTH)-independent Cush-
ing syndrome or primary adrenal Cushing syndrome accounts
for 20% to 30% of cases of endogenous Cushing syndrome and
encompasses cortisol-producing adenomas (CPAs) and bilateral
micronodular or macronodular adrenocortical hyperplasia [1,2].

The cyclic adenosine monophosphate (cAMP)-dependent
protein kinase A (PKA) signaling pathway plays a major role in
ACTH-independent Cushing syndrome. Primary pigmented
nodular adrenal diseases, which may be sporadic or part of the
Carney complex, is due to germline-inactivating mutations of
PRKARIA (aregulatory unit of PKA) or phosphodiesterase 11A
(PDEI1A) [3.,4]. In addition, an activating germline mutation in
guanine nucleotide binding protein, alpha stimulating (GNAS),
which encodes a stimulatory G-protein alpha subunit, was found
to be related to CPAs in McCune-Albright syndrome [5]. How-
ever, the genetic etiology of sporadic CPAs was not established
until 2014.

In 2014, four independent groups reported the same recurrent
somatic mutation of the protein kinase CAMP-activated catalyt-
ic subunit alpha (PRKACA) as a genetic cause of CPAs [6-9].
This somatic (c.617A>C/p.Lys206Arg, L206R) mutation of
PRKACA is a common genetic alteration in CPA patients, but its
prevalence was highly variable across different case series, oc-
curring in 35% to 65% of patients [10]. The L206R mutation
occurs at the interaction site between the regulatory and catalyt-
ic subunits of PKA. The L206R gain-of-function mutation is re-
sistant to inhibition of the PKA regulatory subunit [6-9] and
renders the mutant catalytic subunits constitutively active [11].
Other somatic mutations in genes such as catenin beta 1 (CTN-
NB1I;23.1%) and GNAS (5.8%) have also been reported [12,13].

Previous studies have reported that subjects with PRKACA-
mutated CPAs tended to have smaller adenomas and more se-
vere hypercortisolism than those with non-PRKACA-mutated
CPAs [6,7,9,10,14]. However, the link between this genetic mu-
tation and clinical characteristics remains to be elucidated.

Therefore, we aimed to compare the clinical characteristics
between subjects with PRKACA L206R-mutated CPAs and those
with wild-type CPAs in Korea. In addition, we investigated whe-
ther transcriptome analysis using RNA sequencing could yield
insights into the characteristics of PRKACA L206R mutant CPAs.
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METHODS

Study subjects

In this clinical study, we enrolled 57 subjects who were diag-
nosed with overt Cushing syndrome and CPAs and underwent
adrenalectomy at Seoul National University Hospital from March
2004 to January 2017. This study was approved by the Institu-
tional Review Board of Seoul National University Hospital (IRB
no. 1803-144-934). Consent was obtained from each subject af-
ter a full explanation of the purpose and nature of all procedures
used.

Forty-four CPAs were sequenced for the PRKACA L206R
mutation using formalin-fixed paraffin-embedded tumor tissues.
Among them, 20 CPAs (45.4%) harbored the PRKACA L206R
mutation. Additionally, we sequenced 13 CPAs for the PRKACA
L206R mutation using frozen fresh tumor tissues. Eight of these
13 CPAs revealed the PRKACA L206R mutation. Seven wild-
type CPAs, for which frozen tissues were available, were further
analyzed through whole-exome sequencing (WES). The removed
CPA tissues were immediately snap-frozen over dry ice and
stored in plastic tubes at —80°C until analysis. Leukocyte DNA
corresponding to seven wild-type CPAs was also processed to
WES. WES revealed that one CPA harbored the PRKACA L206R
somatic mutation, and another CPA harbored both the K214E
(c.A640G) and p.H88Y (¢.262T) somatic mutations. Two CPAs
had the GNAS R201C mutation. Finally, a total of 56 subjects
with confirmed CPAs were included in the analysis of clinical
features. Among them, RNA sequencing was only conducted in
13 CPAs with available fresh-frozen tissues.

The diagnosis of CPAs was confirmed by a non-suppressed
overnight 1-mg dexamethasone suppression test (>1.8 pg/dL),
elevated 24-hour urinary free cortisol (UFC) (>75 pg/day), a
low level of plasma ACTH, typical adrenal adenomas, and overt
Cushing syndrome symptoms such as moon face, centripetal
obesity, bruising, and purple striae. After adrenalectomy, sub-
jects experienced postoperative adrenal insufficiency and the
pathology results showed adrenal cortical adenomas. Serum
cortisol and 24-hour UFC levels were measured using a radio-
immunoassay kit IMMUNOTEC, Prague, Czech Republic).
Morning blood samples for plasma ACTH levels were collected
in a prechilled tube containing ethylenediaminetetraacetic acid
(EDTA), immediately separated at 4°C, and stored at —80°C un-
til needed. Plasma ACTH levels were measured using an immu-
noradiometric assay (CIS-Bio International, Saclay, France).
The serum dehydroepiandrosterone sulfate (DHEA-S) level was
gauged using a competitive binding radioimmunoassay kit (Di-
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agnostic Products Corp., Los Angeles, CA, USA), and the refer-
ence range was 350 to 4,300 ng/mL.

Sanger sequencing for the PRKACA 1.206R mutation

We sequenced all 10 exons of the PRKACA gene. Randomly se-
lected variants identified exclusively by WES were further con-
firmed by polymerase chain reaction (PCR) and Sanger sequenc-
ing. The specific primers are shown in Supplemental Table S1.
The products were directly sequenced by Macrogen Inc. (Seoul,
Korea) using an ABI 3730 Genetic Analyzer (Applied Biosys-
tems, Carlsbad, CA, USA) with an ABI PRISM terminator cy-
cle sequencing kit v3.1.

Whole-exome sequencing

To find causal variants, we performed WES for seven patients.
We generated libraries from genomic DNA derived from patients’
blood and tissues. An exome captured sequencing library was
produced from SureSelect Human All Exon V6 (Agilent Tech-
nologies, Santa Clara, CA, USA) with an input of 200 ng of ge-
nomic DNA. The exome capture platform method was conduct-
ed according to the manufacturer’s instructions. The captured
DNA was sequenced using the NextSeq 500 (Illumina, San Di-
ego, CA, USA) platform with paired-end reads.

WES data processing

WES reads from patients’ tumor and blood samples were aligned
with the reference human genome GRCh37/hg19 using the Bur-
rows-Wheeler Aligner (BWA) (v0.7.15-r1140). Deduplication
and local re-alignment were performed using the Genome Anal-
ysis Tool Kit (GATK, v4.0.5.1). Somatic variants were called
using GATK MuTect2 and variants were filtered by removing
variants with a minor allele frequency =0.1% in the dbSNP138,
1,000 genomes, Exome Variant Server, and Exome Aggregate
Consortium databases. Exonic and splicing variants were se-
lected for further analysis.

RNA sequencing analysis

For RNA sequencing, the total RNA was isolated using QIAzol
lysis reagent (Qiagen, Germantown, MD, USA) including a
DNase I (Roche, Mannheim, Germany) digestion step. Total
RNA quantity, quality, and purity were determined using a Nano-
drop spectrophotometer (NanoDrop Technologies, Rockland,
DE, USA) and a 2100 Bioanalyzer (Agilent Technologies). For
library preparation for whole-transcriptome analyses, we used
the TruSeq Stranded Total RNA with RiboZero Gold Sample
Preparation Kit according to the manufacturer’s instructions (Il-
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lumina; catalog no. 20020599) starting from 1,000 ng of total
RNA. Accurate quantitation of cDNA libraries was performed
using the QuantiFluor dsDNA System and a Quantus fluorome-
ter (Promega, Madison, WI, USA). The first-strand cDNA, fol-
lowed by second-strand cDNA, was synthesized from purified
fragmented RNAs with the removal of ribosomal RNA. End re-
pair was performed, followed by adenylation of the 3’ ends.
Adapters were ligated, and PCR was conducted to selectively
enrich DNA fragments with adapters and to amplify the amount
of DNA in the library, respectively. Quality control of generated
libraries was conducted using the 2100 Bioanalyzer. The librar-
ies were paired-end sequenced by NextSeq 500 sequencing sys-
tem (Illumina).

RNA sequencing data processing

RNA sequencing reads were filtered using Trimmomatic (ver-
sion 0.36) [15]. Filtered reads were aligned to the human ge-
nome using Spliced Transcripts Alignment to a Reference (STAR,
version 2.5.3a) [16], and gene expression levels were calculated
using RNA-Seq by Expectation-Maximization (RSEM, version
1.3.1) [17]. The GRCh37/hg19 FASTA file from the University
of California Santa Cruz (UCSC) genome browser and the an-
notation GTF file from the UCSC refFlat table were used to cre-
ate the STAR and RSEM genome indexes. Transcript per mil-
lion (TPM) normalized gene expression values were used for
further analysis.

Genes with median TPM >5 in at least one condition (PRKA-
CA L206R or wild-type) were selected for further analysis. Genes
with a fold change =2 and a ¢ test P<0.05 for the log,-trans-
formed TPM were considered as differentially expressed. Among
the differentially expressed genes (DEGs), the number of up-
regulated genes in PRKACA mutants was small, and further
analysis was conducted using downregulated genes in PRKACA
mutants. Gene Ontology (GO) enrichment analysis was per-
formed using enrichR [18]. WikiPathways 2019, Panther 2016,
Kyoto Encyclopedia of Genes and Genomes (KEGG) 2021, and
gene set enrichment analyses were applied for an enriched path-
way analysis of the downregulated pathways in PRKACA mu-
tants [19]. Upstream regulator analysis was performed using In-
genuity Pathway Analysis (IPA) [20]. Color-mapped canonical
pathways were generated using genes with a median TPM >5
in at least one condition through the use of IPA.

Statistical analysis
Data were shown as mean+standard deviation or number (%).
We performed the chi-square test for categorical variables and
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the Student’s ¢ test for continuous variables. A P<0.05 was con-
sidered to indicate statistical significance.

RESULTS

The prevalence of the PRKACA L206R mutation was 53% (30/
57). No other mutations in the PRKACA gene were found. The
mean age of the study subjects was 42412 years, and 89.5%
(51/57) of the patients were female. The clinical and biochemi-
cal characteristics of the study subjects according to PRKACA
somatic mutation status are shown in Table 1. Subjects with
PRKACA L206R mutant CPAs showed smaller adenoma size
(3.24£0.72 cm vs. 3.87£1.30 cm, P=0.044) and lower DHEA-
S levels (221+176 ng/mL vs. 1,511£3,307 ng/mL, P=0.001)
than those with PRKACA wild-type CPAs.

RNA sequencing was performed in eight PRKACA L206R-
mutated and five wild-type CPAs using fresh-frozen tissue sam-
ples. The clinical characteristics of the study subjects who un-
derwent RNA sequencing are shown in Supplemental Table S2.
In Fig. 1, a volcano plot shows the magnitude (x-axis) and the
statistical significance (y-axis) of differences in gene expression
in the two groups. There were 244 DEGs between the two groups,
including five upregulated and 239 downregulated genes in
PRKACA mutants (|fold change| =2, P<0.05) (Supplemental
Material S1).

Table 2 shows the five upregulated and top 15 downregulated
genes in the PRKACA mutants. The SNORA21B, CLCN5, ARSG,
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TMEM?217, and SH3BGR genes were significantly upregulated
in PRKACA mutants. Due to the small number of upregulated
genes in PRKACA mutants, further ontology or pathway analy-

Table 1. Clinical and Biochemical Characteristics of Study Sub-
jects According to PRKACA Somatic Mutation Status

Characteristic I "
L206R  Wild-type value
Number 29 27
Age, yr 43+11 42+14 0.664
Female sex 25(86.2) 24(88.9) 0.762
BMI, kg/m* 26.1+52 25.0+43 0424
Adenoma size, cm 3.34+0.7 3.8+1.2 0.059
Serum cortisol after ODST, ug/dL.  19.7£52 19.3+5.6  0.816
24-Hour urinary free cortisol, pg/dL. 376+278  540+446  0.177
Plasma ACTH, pg/mL 15.6+£10.3 15.8£10.1 0.958
DHEA-S, ng/mL 218+180 1,511£3,307 0.001
Diabetes mellitus 6(20.7) 6(22.2) 0.621
Hypertension 19(65.5) 15(55.6) 0.585
Dyslipidemia 8(27.6) 6(22.2) 0.761
Cardiovascular disease 5(17.2) 0 0.052
Fracture 4(13.8) 5(18.5) 0.725

Values are expressed as mean=standard deviation or number (%).
PRKACA, protein kinase cAMP-activated catalytic subunit alpha; BMI,
body mass index; ODST, overnight dexamethasone suppression test;
ACTH, adrenocorticotropic hormone; DHEA-S, dehydroepiandros-
terone sulfate.
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Fig. 1. Analysis of differentially expressed genes (DEGs) between protein kinase cAMP-activated catalytic subunit alpha (PRKACA) L206R
mutants and wild-type cortisol-producing adenomas (CPAs). (A) Volcano plot of DEGs, showing the magnitude (x-axis) and the statistical
significance (y-axis) of differences in gene expression between PRKACA L206R mutants and wild-type CPAs. (B) A t-distributed stochastic

neighbor embedding (tSNE) plot. FC, fold change.
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ses only included downregulated genes.

DAVID was used to perform a GO analysis for the downregu-
lated genes in PRKACA mutants. A total of 290 GO terms satis-
fied the cut-off criterion (P<0.05), and these terms consisted of
237 biological processes, 34 molecular functions, and 19 cellu-
lar components. The top five most significantly enriched GO
terms in each category are presented in Table 3. The most sig-
nificant GO terms were “sulfur compound catabolic process,”
“transcription corepressor activity,” and “Golgi lumen.” We fur-
ther assessed the upstream regulators of DEGs using the IPA.
CTNNB1 was found to be the most significant transcriptional
regulator of the downregulated genes, including BMP4, CCNDI,
LEF1, PLS3, PTCHI, TOB2, TSC22D1, UDP-glucose ceramide
glucosyltransferase (UGCG), and versican (VCAN) (Fig. 2, Sup-
plemental Table S3).

Pathway analyses were performed through WikiPathways
2019 and Panther 2016 using 479 downregulated genes (P<0.05)
(Table 4). The Wnt signaling pathway was significantly down-

regulated in PRKACA mutants in both WikiPathways 2019 and
Panther 2016. Using all DEGs regardless of the significance of
the P value and fold change, we performed a KEGG pathway
analysis of Cushing syndrome (has04934) (Fig. 3). Genes in-
volved in steroid hormone biosynthesis, including steroidogenic
acute regulatory (STAR), CYP11A1, CYP17A1, HSD3B2, and
CYP21A, were upregulated, but Wnt signaling-related genes,
including Wnt, Frizzled, DVL, glycogen synthase kinase 3 beta
(GSK3B), Axin, and T-cell factor/lymphoid enhancer factor (T7CF/
LEF), were downregulated in PRKACA mutants (Supplemental
Fig. S1).

DISCUSSION

In this clinical study, we demonstrated that PRKACA mutant
CPAs were smaller than nonmutated CPAs, but the degree of
hypercortisolism was not different between the PRKACA mu-
tant and wild-type groups. Through a transcriptome analysis, we

Table 2. Major Differentially Expressed Genes in PRKACA L206R Mutants Compared with Wild-Type Cortisol-Producing Adenomas

([FC| =2, P<0.05)

Gene Description Log.FC Pvalue

Upregulated genes
SNORA21B Small nucleolar RNA, H/ACA box 55 1.92 0.005
CLCNS5 Chloride voltage-gated channel 5 1.32 0.016
ARSG Arylsulfatase G 1.26 0.047
TMEM217 Transmembrane protein 217 1.16 0.017
SH3BGR SH3 domain binding glutamate rich protein 1.14 0.033

Downregulated genes
LAMPS Lysosomal associated membrane protein family member 5 —-3.65 0.003
SLC2746 Solute carrier family 27 member 6 =351 <0.001
VSNL1 Visinin like 1 —2.99 0.002
APCDDI1 APC downregulated 1 —2.91 0.002
ALDHILI Aldehyde dehydrogenase 1 family member L1 —2.79 0.004
NAPSB Napsin B aspartic peptidase, pseudogene —2.41 0.004
CAB39L Calcium binding protein 39 like —2.37 0.003
JAM?2 Junctional adhesion molecule 2 —2.35 0.001
KCNMB4 Potassium calcium-activated channel subfamily M regulatory beta subunit 4 —2.26 <0.001
Clorfll5 Chromosome 1 open reading frame 115 —2.15 0.001
SMAGP Small cell adhesion glycoprotein -2.04 0.004
DKK3 Dickkopf WNT signaling pathway inhibitor 3 -2.01 0.004
LEFI Lymphoid enhancer binding factor 1 -1.99 0.001
SERINCS Serine incorporator 5 -1.79 0.003
SESN3 Sestrin 3 -1.76 0.002

PRKACA, protein kinase cAMP-activated catalytic subunit alpha; FC, fold change.
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Table 3. Enriched Gene Ontology Terms of the Downregulated Genes in PRKACA Mutants
GO term ID GO term Overlap P value Z-score  Combined score
Biological GO:0044273  Sulfur compound catabolic process 7/36 1.98E-07 -1.94 30.00
processes GO:0006027  Glycosaminoglycan catabolic process 7/57 5.07E-06 -1.95 23.73
GO:0045892  Negative regulation of transcription, DNA-templated 25/814 1.59E-05 -1.76 19.48
GO:0007409  Axonogenesis 12/224 1.71E-05 -1.71 18.77
G0:0044272  Sulfur compound biosynthetic process 9/123 1.72E-05 -1.37 15.00
Molecular GO:0003714  Transcription corepressor activity 11/204 3.62E-05 -1.19 12.16
functions GO:0001222  Transcription corepressor binding 3/13 4.41E-04 238 18.42
GO0:0004860  Protein kinase inhibitor activity 5/68 1.32E-03 -1.25 8.32
GO:0000983  Transcription factor activity, RNA polymerase II core 3/21 1.91E-03 -1.99 12.43
promoter sequence-specific
GO:0019871  Sodium channel inhibitor activity 2/7 2.87E-03 —3.43 20.07
Cellular GO:0005796  Golgi lumen 8/99 2.49E-05 -1.27 13.43
compo- GO0:0005775  Vacuolar lumen 10/162  2.60E-05 224 23.62
nents G0O:0043202  Lysosomal lumen 7/87 8.27E-05 -1.71 16.06
GO:0005788  Endoplasmic reticulum lumen 12/271 1.08E-04 —-1.51 13.79
GO:0005901  Caveola 4/57 4.79E-03 —1.42 7.58
PRKACA, protein kinase cAMP-activated catalytic subunit alpha; GO, Gene Ontology.

CTNNB1

Fig. 2. Catenin beta | (CTNNBI) as an upstream regulator of down-
regulated genes such as bone morphogenetic protein 4 (BMP4), cy-
clin D1 (CCND1), lymphoid enhancer binding factor 1 (LEF1),
plastin 3 (PLS3), patched 1 (PTCH]I), transducer of ERBB2, 2
(TOB2), TSC22 domain family member 1 (7SC22D1), UDP-glu-
cose ceramide glucosyltransferase (UGCG), and versican (VCAN)
in protein kinase cAMP-activated catalytic subunit alpha (PRKA-
CA4) L206R mutants. Green, downregulation in PRKACA L206R
mutants.
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identified downregulation of the Wnt signaling pathway in PRK-
ACA mutants.

The present study showed that the prevalence of the somatic
PRKACA L206R mutation in CPAs was 53% in our cohort, sim-
ilar to the pooled prevalence previously reported in Asian co-
horts. In Asian cohorts, the hotspot somatic L206R mutation in
PRKACA was discovered in 59% of patients (overall, 114/195),
although in Europe and the USA, the pooled prevalence was re-
ported to be 35% (65/184) [6-10]. The genetic background for
this ethnic difference remains to be elucidated, but Asian popu-
lations have been found to harbor the PRKACA L206R muta-
tion more frequently than Western populations.

We showed that subjects with the PRKACA L206R mutation
had lower DHEA-S levels than those with wild-type PRKACA.
However, there were no significant differences in levels of se-
rum cortisol after suppression, ACTH, and 24-hour UFC be-
tween the two groups. Previous studies regarding hormone ac-
tivity have reported contradictory results. Cao et al. [8] reported
that there were no significant differences in cortisol production
between CPA subjects with and without the PRKACA mutation.
However, other groups revealed higher serum cortisol levels af-
ter 1 mg of dexamethasone and urinary cortisol levels [6,7]. Al-
though previous studies did not measure DHEA-S, the lower
levels of DHEA-S may reflect more strongly suppressed ACTH

Copyright © 2021 Korean Endocrine Society
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Table 4. Enriched Pathway Analysis of the Downregulated Genes in PRKACA Mutants Using WikiPathways 2019, Panther 2016, and
KEGG 2021
ID Term Overlap P value I?Jdi/ Lzljtlecd Z-score Coil:ized
WikiPathways 2019
WP2249 Metastatic brain tumor 3/6 0.0003  0.0257 —4.00 33.07
WP1991 SRF and miRs in smooth muscle differentiation and proliferation 4/11 0.0001  0.0186 -3.02 28.02
WP4155 Endometrial cancer 8/63 0.0001 0.0186 -2.14 19.26
WP1545 miRNAs involved in DNA damage response 3/15 0.0050  0.1164 -3.46 18.34
WP3658 Wht/beta-catenin signaling pathway in leukemia 4/26 0.0032  0.1116 -2.80 16.06
WP3286 Copper homeostasis 6/52 0.0015  0.0873 -2.02 13.16
WP4149 White fat cell differentiation 4/32 0.0069  0.1185 -2.45 12.19
WP3981 miRNA regulation of prostate cancer signaling pathways 4/33 0.0077  0.1185 —2.49 12.12
WP363 Whnt signaling pathway 5/52 0.0080  0.1185 -2.36 11.39
Panther 2016
P00004 Alzheimer disease-presenilin pathway 6/99 0.0045  0.2338 —-1.59 8.60
P00035 Interferon-gamma signaling pathway 3/28 0.0091  0.2338 -1.29 6.05
P05918 p38 MAPK pathway 3/32 0.0132  0.2338 -1.26 5.46
P00059 p53 pathway 4/71 0.0247  0.2888 -1.23 4.54
P00057 Wnt signaling pathway 9/278  0.0305  0.2888 -1.39 4.87
P04398 p53 pathway feedback loops 3/45 0.0327  0.2888 -1.05 3.59
KEGG 2021 Circadian rhythm 4/31 0.0005  0.0465 94.93
Complement and coagulation cascades 6/85 0.0005  0.0465 48.22
Endometrial cancer 5/58 0.0006  0.0465 58.44
Glycine, serine and threonine metabolism 4/40 0.0013  0.0707 62.00
AMPK signaling pathway 6/120  0.0032  0.1209 25.47
Proteoglycans in cancer 8/205  0.0033  0.1209 19.62
Basal cell carcinoma 4/63 0.0068  0.1920 28.35
Taurine and hypotaurine metabolism 2/11 0.0073  0.1920 91.16
Protein digestion and absorption 5/103  0.0079  0.1920 20.74
Cell adhesion molecules 6/148  0.0088  0.1924 16.83
Thyroid cancer 3/37 0.0097  0.1924 34.18
p53 signaling pathway 4/73 0.0114  0.2067 21.74
Glioma 4/75 0.0125  0.2091 20.70
Colorectal cancer 4/86 0.0197  0.2816 16.04
Coronavirus disease 7/232  0.0218  0.2816 10.02
Axon guidance 6/182  0.0224  0.2816 10.89
One carbon pool by folate 2/20 0.0235  0.2816 34.74
Estrogen signaling pathway 5/137  0.0245  0.2816 11.79
Small cell lung cancer 4/92 0.0245  0.2816 14.11
TGF-beta signaling pathway 4/94 0.0263  0.2824 13.54
Staphylococcus aureus infection 4/95 0.0272  0.2824 13.26
Fc gamma R-mediated phagocytosis 4/97 0.0291  0.2881 12.74
Breast cancer 5/147  0.0319 03021 10.17
Insulin resistance 4/108  0.0407 03697 10.30
Acute myeloid leukemia 3/67 0.0462 03875 12.03
Wnt signaling pathway 5/166  0.0494  0.3875 7.83
PRKACA, protein kinase cAMP-activated catalytic subunit alpha; KEGG, Kyoto Encyclopedia of Genes and Genomes; SRF, serum response factor;
MAPK, mitogen-activated protein kinase; AMPK, AMP-activated protein kinase; TGF, transforming growth factor.
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Fig. 3. Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis of Cushing syndrome (hsa04934). Red, upregulation in pro-
tein kinase cAMP-activated catalytic subunit alpha (PRKACA) L206R mutants; green, downregulation in PRKACA L206R mutants. Steroid
hormone biosynthesis, including STAR, CYP11A1, CYP17A41, HSD3B2, and CYP214, was upregulated, but Wnt signaling-related genes, in-
cluding Whnt, Frizzled, DVL, glycogen synthase kinase 3 beta (GSK3B), Axin, and TCF/LEF, were downregulated.

secretion due to higher autonomous cortisol production [21,22].
An alternative explanation may be that the age at diagnosis was
not significantly different between the two groups in the present
study, while patients with the PRKACA mutation were found to
be younger in other studies [6,7].

High cortisol secretion from CPAs may be related to the acti-
vation of steroidogenesis pathways. Cao et al. [8] identified sig-
nificant enrichment of the GO terms “biosynthesis and metabo-
lism of steroid and cholesterol” and “response to chemical stim-
ulus” in PRKACA mutants, with increased expression of genes
including STAR, MC2R, GSTAI, CXCL2, and S100A48/9. Beus-
chlein et al. [6] also conducted a tissue microarray analysis and
showed that MC2R, STAR, CYP1141, HSD3B2, and CYP21A42
expression was higher in PRKACA mutants (n=11) than in non-
mutants (n=8). Goh et al. [9] also discovered a higher steroido-
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genic enzymatic activity in PRKACA mutants.

Similar to the previous studies, we also demonstrated that ste-
roidogenesis-related genes were upregulated in PRKACA mu-
tants. In KEGG pathway analysis of Cushing syndrome, the
STAR, CYP11A1, HSD3B2, CYP21A2,and CYP17A1 genes were
upregulated in PRKACA mutants compared with non-mutants.
PRKACA phosphorylates and activates cAMP responsive ele-
ment binding protein 1 (CREBI1) and Sp1 transcription factor
(SP1). CREBI induces gene transcription in response to hor-
monal stimulation of the cAMP pathway. SP1 is a transcription
factor that can activate or repress transcription in response to
physiological and pathological stimuli. Sequentially, the CREB-
SP1 complex activate NR5A1 (steroidogenic factor 1 [SF1]).
NRS5AL is an essential transcriptional activator for sexual differ-
entiation and the formation of the primary steroidogenic tissues.
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SP1 and NR5A1 physically interact and cooperate in the regula-
tion of human steroidogenic acute regulatory (STAR) protein
promoter activity [23]. STAR expression correlates with PKA
activation in CPAs [24]. NR5A1 activates the glucocorticoid-
specific synthesis pathway by suppressing aldosterone synthase
(CYP11B2) activity. Thus, the PRKACA mutation constitutively
activates STAR and NR5A1, which play a role in the pathogen-
esis of CPAs.

Our analysis revealed that the somatic PRKACA L206R mu-
tation was related to smaller adenoma size. This finding is con-
sistent with the results of the previous studies [6-9,25]. Smaller
adenoma size can be interpreted as indicating that PRKACA
mutants are less proliferative than wild-type tumors. Similarly,
cAMP-stimulated PKA activity was lower in larger nodules
than in smaller ones in bilateral macronodular adrenal hyperpla-
sia [26]. Consistent with this clinical feature, our transcriptomic
data pathway analysis presented tumor-related pathways such
as metastatic brain tumor and endometrial cancer. Moreover,
Wht signaling pathway-related genes, such as LEF1, APCDDI,
DKK3, RSPO3, and DACHI, were downregulated in PRKACA
mutants compared with PRKACA wild-type tumors. The down-
regulated Wnt signaling pathway was corroborated by an up-
stream regulator analysis using IPA. CTNNBI, the core tran-
scription factor of Wnt signaling, was the top upstream regula-
tor of downregulated genes in PRKACA mutants. In the pres-
ence of Wnt ligands, CTNNBI is not ubiquitinated and accu-
mulates in the nucleus, where it acts as a coactivator for tran-
scription factors of the TCF/LEF family, leading to the activa-
tion of Wnt-responsive genes.

However, PKA phosphorylates B-catenin, which is encoded
by CTNNB, inhibits the ubiquitination of f-catenin, and activates
Wnat signaling in other cells [27,28]. Previous studies have also
shown that increased cAMP signaling elevates Wnt/B-catenin
signaling [29,30]. These findings are opposite to those of our
transcriptome analysis. Nevertheless, Drelon et al. [31] also dem-
onstrated that constitutive PKA activation in the zona fasciculata
was a major driver of Wnt inhibition and inhibited B-catenin-
induced tumorigenesis. They also identified that PKA inactiva-
tion accelerated Wnt-induced tumorigenesis. They clearly showed
that in H295R human adrenal cortical cell lines, the Wnt path-
way responded negatively to PKA stimulation, whereas in COS7
cells (monkey kidney immortalized cells), the Wnt pathway re-
sponded positively to PKA stimulation [31]. They explained
that the different role of PKA on Wnt/B-catenin signaling within
the adrenal cortex was due to inactive T41/S45 phosphorylation
of B-catenin [31]. In The Cancer Genome Atlas cohort of adre-
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nal cortical carcinoma, STAR expression was negatively corre-
lated with Wnt activation signatures such as LEF'I, AXIN2, and
APCDDI [31]. PKA may act as a tumor suppressor in the adre-
nal cortex through the repression of Wnt signaling.

Several limitations of this study need to be mentioned. RNA
sequencing was performed in 13 CPAs among 57 subjects be-
cause of the limited number of available frozen tissue samples
from the CPAs. Thus, a future study with a larger sample size
will be needed to clarify the molecular pathogenesis of CPAs
through a pathway or network analysis. An ontology and path-
way analysis regarding the upregulated genes in PRKACA mu-
tants could not be performed due to the small number of upreg-
ulated genes in PRKACA mutants. Due to the lack of tumor tis-
sues, we could not validate the expression of DEGs by methods
such as quantitative PCR.

In this study, we reported the prevalence of somatic PRKACA
L206R mutations in Koreans for the first time. In addition, we
demonstrated that PKA activation driven by the PRKACA L206R
somatic mutation in CPAs upregulated the glucocorticoid syn-
thesis pathway and inhibited the Wnt signaling pathway, there-
by resulting in smaller adenoma size. We believe that these re-
sults will be helpful to further research on the mechanism un-
derlying the development of PRKACA L206R-mutated CPAs.
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