University of Birmingham

PKA C subunit mutation triggers caspasedependent RII subunit degradation via Ser114
phosphorylation
Weigand, Isabel; Ronchi, Cristina; Vanselow, Jens T.; Bathon, Kerstin; Lenz, Kerstin;
Herterich, Sabine; Schlosser, Andreas; Kroiss, Matthias; Fassnacht, Martin; Calebiro, Davide;
Sbiera, Silviu
DOI:
10.1126/sciadv.abd4176
License:
Creative Commons: Attribution-NonCommercial (CC BY-NC)
Document Version
Publisher's PDF, also known as Version of record
Citation for published version (Harvard):
Weigand, I, Ronchi, C, Vanselow, JT, Bathon, K, Lenz, K, Herterich, S, Schlosser, A, Kroiss, M, Fassnacht, M,
Calebiro,
114 D & Sbiera, S 2021, 'PKA C subunit mutation triggers caspase-dependent RII subunit degradation via
Ser
phosphorylation', Science Advances, vol. 7, no. 8, eabd4176. https://doi.org/10.1126/sciadv.abd4176

Link to publication on Research at Birmingham portal

General rights
Unless a licence is specified above, all rights (including copyright and moral rights) in this document are retained by the authors and/or the
copyright holders. The express permission of the copyright holder must be obtained for any use of this material other than for purposes
permitted by law.
•Users may freely distribute the URL that is used to identify this publication.
•Users may download and/or print one copy of the publication from the University of Birmingham research portal for the purpose of private
study or non-commercial research.
•User may use extracts from the document in line with the concept of ‘fair dealing’ under the Copyright, Designs and Patents Act 1988 (?)
•Users may not further distribute the material nor use it for the purposes of commercial gain.
Where a licence is displayed above, please note the terms and conditions of the licence govern your use of this document.
When citing, please reference the published version.
Take down policy
While the University of Birmingham exercises care and attention in making items available there are rare occasions when an item has been
uploaded in error or has been deemed to be commercially or otherwise sensitive.
If you believe that this is the case for this document, please contact UBIRA@lists.bham.ac.uk providing details and we will remove access to
the work immediately and investigate.

Download date: 09. Jan. 2023

SCIENCE ADVANCES | RESEARCH ARTICLE
CELL BIOLOGY

PKA C subunit mutation triggers caspase-dependent
RII subunit degradation via Ser114 phosphorylation
Isabel Weigand1, Cristina L. Ronchi1,2,3, Jens T. Vanselow4,5, Kerstin Bathon6, Kerstin Lenz1,
Sabine Herterich7, Andreas Schlosser4, Matthias Kroiss1,8, Martin Fassnacht1,7,8*,
Davide Calebiro2,6,9, Silviu Sbiera1,7*

INTRODUCTION

Cushing’s syndrome (CS), a severe condition characterized by endogenous cortisol excess, is associated with increased morbidity and
mortality. Adrenocorticotropic hormone (ACTH)–independent CS
is most often caused by benign cortisol-producing adrenal adenomas (CPAs), 30 to 67% of which carry activating mutations in the
PRKACA gene encoding the catalytic subunit  of protein kinase A
(PKA) (1–4).
In its inactive form, PKA is a heterotetramer that consists of two
catalytic (C) and two regulatory (R) subunits (5). Both catalytic and
regulatory subunits exist in several isoforms, three catalytic (, ,
and ) and four regulatory (I, I, II, and II) subunit isoforms,
each encoded by a separate gene (6) and expressed differentially
throughout tissues (7). While the C subunits catalyze the phospho
rylation of a range of target substrates, the R subunits inhibit this
catalytic activity in the absence of cyclic adenosine 5′-monophosphate
(cAMP). R subunits confer differential localization of the tetrameric
complex to different subcellular compartments. The latter is achieved
via interaction with a family of scaffolding proteins known as A-kinase
anchoring proteins (AKAPs) (7). Within the heterotetramer, two
short sequences of the R subunits, called inhibitory sequences, occupy the catalytic clefts of the C subunits, thus preventing the binding of PKA substrates. While the inhibitory sequences of type I R
subunits function as pseudosubstrates, those of type II R subunits
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contain a serine residue that can be phosphorylated and, thus, function as proper substrates (8). Upon binding of cAMP, the R subunits
undergo a conformational change that reduces their affinity for
C subunits, leading to the release and activation of the C subunits (9).
Most of the mutations in the catalytic  subunit of PKA (PRKACA)
found in CPAs lie in a hotspot at the interface between R and C subunits (4, 10, 11). Several of these PRKACA mutations were shown to
hamper the formation of the inactive PKA tetrameric complex
(4, 10, 11), therefore rendering PKA constitutively active. In addition, three PRKACA mutations were demonstrated to alter substrate
specificity, leading to, among others, hyperphosphorylation of histone H1.4 (11). Earlier research has shown that certain CPAs have
reduced levels of the R subunit II (RII) (12), and we could recently
link this cellular RII protein loss to PRKACA mutations (13). However, to date, the mechanisms leading to this loss and both its molecular and functional consequences remain elusive. In this study,
we provide functional evidence that PRKACA L206R regulate RII
degradation and show that this degradation is mediated by caspases.
RII degradation is a result of the serine residue within its inhibitory
site being phosphorylated. We further demonstrate altered RII
protein–binding partners in the presence or absence of the L206R
mutation.
RESULTS

PRKACA L206R leads to caspase-mediated RII degradation
We recently have shown significantly reduced RII protein expression in PRKACA-mutated CPAs compared with PRKACA–wild-type
(WT) CPAs (13). At that time, we could neither demonstrate a direct causative role for C mutations on the reduction in RII levels
nor its functional consequences. To answer these questions, we silenced RII via small interfering RNA (siRNA) in the steroidogenic
adrenocortical cell line NCI-H295R. RII silencing led to a significant increase in cortisol secretion (fig. S1), while the secretion of
several other steroid hormones was unchanged (table S1). We next
tested the stability of RII and other R subunits in the presence of
the C L206R mutant or WT C in the same cells. In NCI-H295R
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Mutations in the PRKACA gene are the most frequent cause of cortisol-producing adrenocortical adenomas leading
to Cushing’s syndrome. PRKACA encodes for the catalytic subunit  of protein kinase A (PKA). We already showed
that PRKACA mutations lead to impairment of regulatory (R) subunit binding. Furthermore, PRKACA mutations are
associated with reduced RII protein levels; however, the mechanisms leading to reduced RII levels are presently
unknown. Here, we investigate the effects of the most frequent PRKACA mutation, L206R, on regulatory subunit
stability. We find that Ser114 phosphorylation of RII is required for its degradation, mediated by caspase 16. Last,
we show that the resulting reduction in RII protein levels leads to increased cortisol secretion in adrenocortical
cells. These findings reveal the molecular mechanisms and pathophysiological relevance of the R subunit degradation caused by PRKACA mutations, adding another dimension to the deregulation of PKA signaling caused by
PRKACA mutations in adrenal Cushing’s syndrome.
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PKA activity protects RII from degradation
To investigate whether PKA activity influences RII stability, we
performed similar experiments in NCI-H295R cells in the presence
of the PKA activator 8-Br-cAMP or the PKA inhibitor H89. Unexpectedly, 8-Br-cAMP treatment significantly increased RII protein
levels in the presence of the L206R C mutant compared with vehicle control (Fig. 2, A and B), while H89 reduced RII protein levels
even further (Fig. 2, A and B). A similar trend was observed with
RI, although the differences did not reach statistical significance
(Fig. 2, C and D). To distinguish between the alternative possibilities that the protective effects of 8-Br-cAMP might be due to either
its occupation of the cAMP-binding sites of the RII subunit or the
consequent stimulation of PKA activity, we additionally tested the
effects of two cAMP analogs that preferentially bind RI (Rp-8-BrcAMPs) or RII (Rp-8-PIP-cAMPs) subunits but act as competitive
PKA inhibitors (15). Neither inhibitory cAMP analog protected
RII from degradation in the presence of the L206R mutant (Fig. 2,
E and F) or affected RI stability (Fig. 2, G and H). In addition,
cotreatment with the PKA inhibitor H89 (0.05 ± 0.03) fully prevented
the protective effect of 8-Br-cAMP (1 ± 0.07) on RII degradation
(P < 0.001) (Fig. 2, I and J). Similar results were obtained with PKI,
a synthetic peptide inhibitor of PKA (fig. S5, A and B). Moreover, a
kinase dead variant (K73H) (16) of the L206R mutant (C K73H/
L206R) resulted in incomplete RII degradation (fig. S5, C and D).
These results suggest that specific L206R activity leads to RII degradation and that 8-Br-cAMP activates the endogenous, WT PKA that
protects RII from degradation in the presence of the L206R mutant.
Weigand et al., Sci. Adv. 2021; 7 : eabd4176
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Phosphorylation of RII by C L206R tags RII
for degradation
We then investigated the phosphorylation of RII at Ser114 under
the same experimental conditions. We found that the levels of RII
phosphorylation (p-RII) decreased upon PKA activation with
8-Br-cAMP, suggesting that RII phosphorylation might be associated with its degradation (Fig. 2I). Because the substrate RII is degraded in the presence of C L206R but the pseudosubstrate RI is
not, we asked whether the phosphorylation of RII is the factor affecting its stability. To test this, RII constructs were generated in
which Ser114 (S114) was mutated to either alanine (A) (RII S114A),
as found in RI, or to the phosphomimetic amino acid aspartic acid
(D) (RII S114D). In addition, we tested two chimeric constructs in
which either the whole inhibitory sequence (RII inhibitory) or the
same sequence plus additional flanking amino acids (RII inhibitory
extended) of RII were replaced with the corresponding sequences
found in RI. In parallel, we tested symmetrical RI constructs carrying a serine (RI A99S) or the corresponding replacements from
RII (RI inhibitory, RI inhibitory extended) (Fig. 3A). In the
presence of the C L206R mutant, all R subunit constructs having
either a serine or aspartic acid within their inhibitory site were detected at low levels, while all constructs having an alanine within
their inhibitory site were present at levels comparable to WT (Fig. 3,
B and C) (phosphorylatable R subunits versus nonphosphorylatable
R subunits 0.6 ± 0.2 versus 7.6 ± 0.9, P < 0.0001). In addition, all
phosphorylatable RII constructs could be rescued by 8-Br-cAMP
stimulation (Fig. 3, B and C). RII was predominantly phosphoryl
ated in its WT form without 8-Br-cAMP treatment (Fig. 3, B and D).
In C WT cotransfections, all R subunit constructs were expressed
at similar levels (fig. S4, A and B). In an attempt to increase the
amount of phosphorylated RII, phosphatases were inhibited with
tautomycetin. Tautomycetin treatment alone had no effect on RII
protein levels, but when combined with the PKA activator 8-Br-cAMP,
RII levels were reduced, although not significantly, compared with
8-Br-cAMP treatment alone (Fig. 3, E and F). These results indicate
that phosphorylation of the serine residue within R subunit inhibitory sequences is involved in its degradation.
RII interacts with golgin A3 in the presence of C L206R
Because PKA interacts via its R subunits with AKAPs and other
proteins to form signaling complexes, we hypothesized that the
degradation of RII observed in the presence of the L206R mutation
might involve changes in the proteins interacting with RII. To test
this hypothesis, we transfected the adrenocortical cell line NCIH295R with C WT or C L206R and RII-FLAG and performed
immunoprecipitation with an anti-FLAG antibody in the absence
or presence of 8-Br-cAMP. Regardless of the PKA mutation status,
nano–liquid chromatography–tandem mass spectrometry (nanoLCMS/MS) showed comparable enrichment of proteins in either 8-BrcAMP or unstimulated conditions (Fig. 4, A and B). Golgin A3 was
among the proteins consistently identified to bind RII only in the
presence of the C L206R mutant (Fig. 4B). The specificity of this
interaction was subsequently verified by coimmunoprecipitation
(co-IP) and Western blotting (WB) and confirmed to occur only in
the presence of C L206R and in unstimulated conditions [L206R
(1.8 ± 0.2) compared with 8-Br-cAMP treatment (0.07 ± 0.06) and
compared with WT in vehicle-treated (0.006 ± 0.004) versus 8-BrcAMP–treated cells (0.04 ± 0.02); P < 0.01] (Fig. 4, C and D). Because
this is the only condition in which RII is degraded, we reasoned
2 of 13
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cells transiently transfected with C WT, C L206R, or empty vector as control in combination with RII-FLAG, RII levels were only
stable in the presence of C WT (1 ± 0.12) but not in the presence
of C L206R (0.04 ± 0.02) or empty vector (0.01 ± 0.01) (P < 0.05;
Fig. 1, A and B). RII degradation in the presence of C L206R was
restricted to adrenocortical cells, as it was also observed in two other
human adrenocortical carcinoma (ACC) cell lines: CU-ACC1 and
CU-ACC2 (fig. S2, A to D) (14), but not in the embryonic kidney
human embryonic kidney (HEK) 293T cells, neither in transiently
transfected (fig. S2, E and F) nor in cells harboring the L206R point
mutation introduced via CRISPR-Cas9 gene editing (fig. S2, G to
I). Furthermore, RII degradation was not observed in the human
melanoma cell lines SK-MEL-28 and A375 either (fig. S2, J to M).
Pharmacological inhibition of proteasome degradation with
MG132 prevented the degradation of RII in the absence but not
in the presence of the L206R mutant (Fig. 1, A and B). In contrast
to RII, RI was stable except in the absence of exogenous catalytic subunits (Fig. 1, A and B). Pharmacological inhibition of the
proteasome protected RI from degradation in the absence of exogenous catalytic subunit (Fig. 1, D and E). These results were obtained at similar expression levels of the transfected WT and L206R
C subunits (Fig. 1, C and F). Pulse-chase experiments revealed
comparable translation of RII in the presence of either C WT or
L206R (Fig. 1G). To identify the type of protease responsible for
RII degradation, cells transfected with C L206R were treated for
6 hours with different protease inhibitors, and RII protein expression was monitored. Among the tested inhibitors, only the pancaspase inhibitor Z-VAD-FMK was able to partially prevent RII
degradation in the presence of the L206R mutant (Fig. 1, H and I
and fig. S3, A and C) while RII levels remained largely unaffected
by caspases inhibition in C WT conditions (Fig. 1, J and K).

SCIENCE ADVANCES | RESEARCH ARTICLE
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Fig. 1. RII is posttranslationally degraded by caspases in the presence of C L206R. (A) WB of transiently transfected NCI-H295R cells. RII protein levels are stable
when cotransfected with C WT but not when cotransfected with different amounts of C L206R or ctrl vector. Proteasome inhibition with MG132 had only protecting
effects in ctrl-transfected cells (A and B). C protein levels depended on the amount of transfected DNA and were slightly but not significantly fewer in L206R compared
with WT-transfected cells (C). RI protein levels were stably independent of the C mutational status but unstable when cotransfected with ctrl vector (D and E). MG132
protected from proteasomal degradation. C transfection levels were comparable (F). Representative pulse experiment reveals similar amounts of newly translated RII
independent of the C mutational status (G). Increasing concentrations of the pan-caspase inhibitor Z-VAD-FMK significantly increased RII protein levels in C L206R–
transfected cells (H and I), while there were no effects on RII C WT–transfected cells (J and K). One-way analysis of variance (ANOVA) with Tukey’s post hoc test was
performed to determine significant differences between samples. *P < 0.05, means ± SEM.
Weigand et al., Sci. Adv. 2021; 7 : eabd4176
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Fig. 2. Activation of PKA signaling protects RII from C L206R–induced degradation. PKA activation with the cAMP analog 8-Br-cAMP significantly rescued RII in
C L206R–transfected cells, while inhibition of PKA with H-89 did not (A and B). Neither PKA activation nor inhibition had a significant effect on RI protein levels in the
presence of C L206R (C and D), while H-89 treatment even reduced RI (as RII) protein levels even in C WT conditions (B and C). Inhibitory cAMP analogs were not able
to protect RII protein levels in C L206R cells, not in mock transfected cells (E and F), while these inhibitors had no effect on RI protein stability (G and H). Simultaneous
activation with a cAMP analog and inhibition with H-89 showed superior effectivity of inhibition over activation (I and J). In addition, all RII to be rescued was unphosphorylated (I). One-way ANOVA with Tukey’s post hoc test was performed to determine significant differences between samples. ns, not significant. **P < 0.01,
***P < 0.001, means ± SEM.
Weigand et al., Sci. Adv. 2021; 7 : eabd4176

19 February 2021
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Fig. 3. Phosphorylation of RII within its inhibitory site tags it for caspase-mediated cleavage. Sequences spanning the inhibitory sites (red) of both RI (above) and
RII (below). Either alanine-99 (A99) in the case of RI or Ser114 (S114) in the case of RII is highlighted in bold. Additional amino acids mutated in the chimera constructs
are shown in green (A). Exemplary WB results of NCI-H295R cells transfected with C L206R, RII WT, RI WT, and several forms of both regulatory subunits. RII WT, RII
S114D, and the RII-inhibitory extended A_S were additionally treated with 8-Br-cAMP (B). Densitometric analysis of WB FLAG bands, normalized to loading control and
compared with untreated RII WT. Analysis of three independent replicates (means ± SEM) (C). Densitometric analysis of WB of phosphorylation of R subunits, normalized
to loading control and compared with untreated RII WT. Analysis of three independent replicates (means ± SEM) (D). One-way ANOVA with Tukey’s post hoc test was
performed to determine significant differences between samples. *P < 0.05, ***P < 0.001, and ****P < 0.0001. Exemplary WB results of adrenocortical NCI-H295R cells
transfected with RII and C WT or L206R and treated with tautomycetin, 8-Br-cAMP, or both (E). Densitometric analysis of WB FLAG-bands, normalized to loading control
and compared with L206R 8-Br-cAMP–treated samples. Analysis of eight independent replicates (means ± SEM). One-way ANOVA followed by Tukey’s post hoc test was
performed to determine significant differences between samples (F).
Weigand et al., Sci. Adv. 2021; 7 : eabd4176
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that this interaction might be involved in RII degradation. To test
this hypothesis, we silenced golgin A3 with siRNA, which led to a
significant reduction in golgin A3 protein levels to less than 30%
[siRNA control (ctrl): 100 ± 21 versus siRNA golgin A3: 25 ± 5]
(Fig. 4, E and F). Unexpectedly, reduction in golgin A3 led to complete loss of RII-FLAG protein levels, independently of the presence
of either C WT/L206R or 8-Br-cAMP stimulation (Fig. 4, E and G),
while C protein levels themselves were largely unaffected (Fig. 4,
E and H). Conversely, overexpression of golgin A3 markedly increased RII protein levels (L206R: 0.007 ± 0.002 versus L206R +
golgin A3: 21.5 ± 7.3) (Fig. 4, I and J). To test whether golgin A3 is
a putative AKAP, R subunit AKAP binding was disrupted with the
st-Ht31 peptide (17). In this condition, significantly more RII was
degraded (0.6 ± 0.4) compared with cells treated with the st-Ht31P
Weigand et al., Sci. Adv. 2021; 7 : eabd4176

19 February 2021

control peptide, which does not disrupt binding to AKAPs (3.5 ± 0.4)
(P < 0.01; Fig. 4, K and L). These results indicate that golgin A3 is an
AKAP and that this interaction stabilizes RII.
CASP16P is up-regulated in PRKACA-mutated CPAs
and NCI-H295R cells
In an attempt to identify the caspase involved in RII degradation,
we mined an available RNA-sequencing dataset comprising different
adrenocortical tumor entities (18), including 52 adrenal adenomas
[CPA C WT and CPA C mutated, endocrine inactive adenomas
(EIAs)] and 7 adrenocortical carcinomas (ACCs). Only one caspase
gene was found to be differentially expressed between WT (n = 37)
and PRKACA-mutated CPA (n = 6) samples, which was CASP16P.
CASP16P mRNA expression was higher in PRKACA-mutated compared
6 of 13
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Fig. 4. LC-MS/MS results in C WT– and C L206R-transfected NCI-H295R cells and the effects of GOLGA3 knockdown on RII protein levels. (A) Proteins interacting
with RII in C WT samples without stimulation (left-hand side) and after 8-Br-cAMP stimulation (right-hand side). (B) Proteins interacting with RII in C L206R samples
without stimulation (left-hand side) and after 8-Br-cAMP stimulation (right-hand side). Each dot represents one protein, and the size of the dots represents the number of
replicates, in which the proteins were identified in the single conditions. The intensity on the y axis represents the summed peptide intensities for each protein. Legend:
Highlighted dots, significantly changed (Benjamini-Hochberg adjusted P ≤ 0.02); color of dots represents highly significant changed protein interactions according to
box-plot outliers: red, with interquartile range IQR >3; blue, with IQR >1.5. Only true RII interaction partners that differed according to the two treatments are specified.
n = 4 (WT), n = 3 (L206R). DMSO, dimethyl sulfoxide. (C) RII-GOLGA3 (golgin A3) interaction only in the presence of C L206R was verified by WB. (D) Densitometric analysis of two independent replicates (means ± SEM). One-way ANOVA followed by Tukey’s post hoc test was performed to determine significant differences between
samples. **P < 0.01. (E) Knockdown of GOLGA3 leads to reduced RII protein levels independent of the C mutation status. Densitometric analysis of (F) golgin A3,
(G) FLAG, and (H) C protein levels. (I) Overexpression of golgin A3 was able to rescue RII from degradation. (J) Densitometric analysis of RII-FLAG levels. (K) Interrupting
binding of R subunits to AKAPs with the peptide st-Ht31 significantly reduced RII rescue by golgin A3 compared with control peptide st-Ht31P. (L) Densitometric analysis of RII-FLAG levels. One-way ANOVA followed by Tukey’s post hoc test was performed to determine significant differences between samples. **P < 0.01 (means ± SEM).
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with PRKACA WT samples (FPKM 2.4 ± 0.3 versus 0.7 ± 0.2;
P = 0.08) but also compared with ACC samples (−0.7 ± 0.6;
P < 0.005) and normal adrenal glands (nAGs) (−0.1 ± 0.2; P < 0.05)
(Fig. 5A). To confirm these results, we performed a reverse transcription quantitative polymerase chain reaction (RT-qPCR) analysis of

an independent cohort of 12 nAGs and 34 benign adrenocortical
tumors and added aldosterone-producing adenomas (APAs) as an
additional control group. Again, CASP16P mRNA expression was
higher in PRKACA-mutated CPA (0.1 ± 0.03) compared with PRKACA
WT CPA (0.04 ± 0.01; P = 0.1), EIA (0.008 ± 0.01; P = 0.008), APA

Downloaded from http://advances.sciencemag.org/ on February 22, 2021
Fig. 5. Elevated levels of CASP16P mRNA in PRKACA-mutated CPAs. Gene expression profile by RNA sequencing of different adrenocortical tumor entities and normal
tissue revealed significantly higher CASP16P RNA levels in CPA compared with nAG. PRKACA-mutated CPA had highest CASP16P mRNA expression (A). CASP16P mRNA
expression was validated by qPCR in another set of adrenocortical adenomas and normal tissues. Again, PRKACA-mutated CPA had highest CASP16P mRNA expression
(B). When NCI-H295R cells were transfected with C L206R, CASP16P mRNA levels were higher compared with cells transfected with C WT, and 8-Br-cAMP treatment
significantly reduced CASP16P mRNA in both WT- and L206R-transfected cells (C). 8-Br-cAMP further reduced CASP16P mRNA levels in untransfected NCI-H295R cells
(D). CASP16P-HA overexpression in NCI-H295R cells significantly reduced levels of endogenous RII, while all other PKA regulatory subunits remained largely unaffected
(E). Densitometric analysis of RII levels with and without CASP16P overexpression (F). CPA, cortisol-producing adenoma; APA, aldosterone-producing adenoma; FPKM,
fragments per kilobase million. Kruskal-Wallis test was performed to determine significant differences in patient-derived samples (A and B). One-way ANOVA (C) and
nonparametric t test (D and F) were performed to determine significant differences between cell culture samples, *P < 0.05, **P < 0.01, and ***P < 0.01 (means ± SEM).
Weigand et al., Sci. Adv. 2021; 7 : eabd4176
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DISCUSSION

A decrease in the PKA RII subunit in a subgroup of CPA has long
been demonstrated (12), and we could recently show this to be associated with PRKACA mutations (13). Here, we provide a direct link
between the PRKACA L206R mutations and RII loss. Although
free R subunits are canonically degraded via the proteasome (19),
our results indicate that active caspases, and not the proteasome, are
responsible for RII degradation in the presence of the C L206R
mutation (Fig. 6). In C WT cells, RII is not degraded, likely due
to formation of a stable holoenzyme, masking the phosphoserine
(S114) in the RII inhibitory sequence (Fig. 6A). The constitutive
activity of C L206R increases CASP16P mRNA, and because of the
impaired binding of RII to C L206R (1, 10), phospho-S114 is unmasked, recognized, and cleaved by caspase 16 (Fig. 6B). In line with
this model, when RII does not contain a phosphoserine within its
inhibitory site, it is not recognized for cleavage (Fig. 6D). Activation
of endogenous, WT PKA by 8-Br-cAMP protects RII degradation
induced by the L206R mutant, likely via activation of one or more
substrates that are not accessible to the L206R mutant, which has
lost its normal interaction with R subunits and, hence, normal subcellular localization (Fig. 6, E and F).
In line with these observations, the simultaneous inhibition and
activation of PKA activity with H89 or PKI and 8-Br-cAMP revealed
Weigand et al., Sci. Adv. 2021; 7 : eabd4176
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a dominant effect of PKA inhibition over activation. This shows
that inducing the PKA heterotetramer to dissociate is not the cause
of RII degradation. Simple binding of a cAMP analog was not sufficient to protect RII from degradation either. At the same time,
PKA C L206R activity is required for RII degradation, as genetically inhibiting it by introducing a kinase-dead mutation (K73H)
(16) into C L206R led to reduced RII degradation (fig. S5, C and
D). In contrast to RII, RI protein levels remained unaffected in
the presence of C L206R, and this is because of the lack of a phosphosite in the inhibitory sequence of RI (20, 21). Caspases normally
recognize and cleave proteins at a certain sequence containing the
phosphomimetic amino acid aspartic acid but were also shown to
often cleave proteins after a phosphorylated serine (22). Accordingly,
the phosphorylation status of proteins was demonstrated to regulate
their cleavage by caspases (23). In patient-derived adrenocortical
adenoma tissues, only one caspase gene, CASP16P, was found overexpressed in PRKACA-mutated CPA compared with PRKACA-WT
tumors, which was also up-regulated in cell culture when C L206R
was present. CASP16P was considered to be a pseudogene (24); it is
nonetheless transcribed and presumably translated (25). The ORF
of CASP16P shows large areas of identity with its translated murine
ortholog CASP16 (fig. S6A), suggesting that it might be itself translated. Transfection of a plasmid with the ORF sequence of CASP16P
tagged with HA showed that CASP16P is translated and results in a
stable protein. CASP16P overexpression induces degradation of endogenous RII in NCI-H295R cells, whereas all other regulatory
subunits remain largely unaffected (Fig. 5, E and F), confirming
CASP16P involvement in RII degradation and in line with the
increased CASP16P mRNA levels in PKA-mutated CPA samples
(18). We could demonstrate that this mechanism is also adrenal
specific, as C L206R does not trigger RII degradation in HEK293T
or melanoma cells (fig. S2, E to M) but in three human ACC cell lines
(Fig. 1, A and B, and fig. S2, A to D). Furthermore, we described
already earlier PRKACA-mutated patient-derived tumor samples
to have significantly decreased RII protein levels compared with
C WT tumors (13), at that time without explanation for this observation. Here, now, we could provide functional evidence to explain how PRKACA mutations, by up-regulating CASP16P levels,
lead to RII degradation in patient-derived tissues.
PKA specificity is regulated by AKAPs that bind the regulatory
subunits of PKA and localize the whole heterotetramer to different
subcellular compartments, where it forms multivalent protein complexes
(26, 27). Our LC-MS/MS analyses in NCI-H295R cells also identified potential RII interaction partners in the presence of the C
L206R mutant. AKAP2, TBC1D4 [a RAB-GTPase activating protein (GAP)], and PCYT1A (an enzyme involved in phosphatidylcholine synthesis) were initially good candidates but were excluded from
further investigation after co-IP and WB verification (fig. S8, A and
B). Under unstimulated conditions, the protein golgin A3 only interacted with unphosphorylated RII in the presence of C L206R (fig.
S8, C and D). Golgin A3 is localized at the cytoplasmic side of the
Golgi apparatus (28) and contains several caspase recognition sites
leading to its cleavage by different caspases during apoptosis (29).
While knocking down GOLGA3, further reduced RII-FLAG levels even in C WT–transfected cells (Fig. 6, A and C), golgin A3
overexpression, by acting as putative AKAP, stabilized RII, likely
by restoring PKA subunit localization. Golgin A3 was identified as
the dynein-interacting protein that is responsible for proper Golgi
positioning (30), and Golgi apparatus structure was previously shown
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(0.01 ± 0.01; P = 0.03), and nAG (0.003 ± 0.001; P = 0.001) (Fig. 5B).
Accordingly, NCI-H295R cells transfected with PRKACA L206R
(together with RII) showed increased CASP16P mRNA expression
compared with cells transfected with PRKACA WT (140 ± 15.8 versus
103 ± 10; P < 0.05) (Fig. 5C). Because activation of PKA with 8-BrcAMP protected RII from degradation, we tested whether CASP16P
mRNA levels decrease with 8-Br-cAMP treatment. We observed a
significant decrease in both PRKACA L206R (140 ± 15.8 versus
58.2 ± 7.7; P < 0.01)– and WT (103 ± 10 versus 47 ± 6.7; P < 0.01)–
transfected NCI-H295R cells (Fig. 5C). In addition, 8-Br-cAMP
significantly reduced CASP16P mRNA levels in untransfected NCIH295R cells (108 ± 9.7 versus 53 ± 5.8; P < 0.01) (Fig. 5D). These
in vitro and ex vivo results suggest involvement of CASP16P in RII
degradation. While reported as a gene in other mammals, CASP16P
is listed in multiple databases (ENSEMBL: ENSG00000228146) as a
pseudogene in humans despite having several characteristics of a
real gene, including the presence of intronic sequences and a continuous open reading frame (ORF) that is very similar to its murine
ortholog (fig. S6A). Overexpression of a hemagglutinin (HA)–
tagged CASP16P in NCI-H295 cells showed that the protein is indeed
translated. Moreover, that the effects seen in our previous experiments are likely directly mediated by the CASP16P protein and
not its mRNA as CASP16P overexpression in NCI-H295R cells
significantly decreased endogenous RII levels (0.33 ± 0.17 versus
1 ± 0.12; P < 0.05) (Fig. 5, E and F). CASP16P overexpression had
no impact on the other PKA regulatory subunits (Fig. 5E). Similar
results were observed for the two human ACC cell lines CU-ACC1
and CU-ACC2 (fig. S7, A to D). In addition, phospho-RII, the form
sensitive to caspase degradation, was significantly reduced when
CASP16P was overexpressed in the presence of C L206R (1 ± 0.002
versus 0.62 ± 0.03; P < 0.01) (fig. S6, B and C). These results suggest that CASP16P is a protein-encoding gene, and its increased
expression in the presence of C L206R is likely responsible for RII
degradation.
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to be dependent on PKA activity (31). This is in line with our own
results showing Golgi apparatus delocalization in C L206R-mutated CPA (13) and underlines the importance of proper PKA subunit
localization, which seems to be disrupted by C L206R.
There are also defects in other regulatory subunits of PKA associated with CS. Mutations in the regulatory subunit I resulting in a
truncated RI protein were identified as rare events in unilateral CPA
(32); however, they are frequent in Carney complex (33). Copy number gains in the regulatory subunit I have also been very recently
identified in CPA (34). However, in the context of the mutations in
the PKA catalytic subunit , the loss of the regulatory subunit II
expression, as shown in this study, plays a relevant role in the defects in PKA signaling leading to cortisol oversecretion in CPA.
In conclusion, we show that in adrenal cells and tissue, the activity of the C mutant L206R triggers RII degradation. Increased
expression of CASP16P mRNA levels in C-mutated CPA and the
activity of the overexpressed protein in vitro give strong evidence
that CASP16P is responsible for RII degradation. Our results additionally show the phosphorylation site within RII’s inhibitory site
makes this subunit susceptible for caspase 16–mediated cleavage.
MATERIALS AND METHODS

Plasmids
Plasmids carrying human RI, RII, RI-FLAG, RII-FLAG, WT C,
and C L206R sequences were described earlier (11). Point mutations were introduced into RI-FLAG and RII-FLAG plasmids with
the Q5 Site-Directed Mutagenesis Kit (NEB). Mutagenesis primers
were designed with the NEBaseChanger software tool. Five nanograms of template DNA was added to the reaction mix, and annealing occurred at 55°C. To generate RII/RI-inhibitory-FLAG and
RII/RI-chimera-FLAG plasmids, restriction-free cloning was
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used. Primers, harboring the complete sequence to be replaced, were
designed with the rf-cloning tool (www.rf-cloning.org). In a first PCR,
5 ng of each primer was used to generate the mega primers. During
each of the five cycles, annealing occurred for 20 s in a ramp-wise
manner, increasing the temperature for 0.5°C/s. Elongation time was
15 s. In the second PCR, 100 ng of the parental plasmid was added
to the reaction mix of the first PCR, and annealing occurred at 62°C
and elongation time was 12 min. All primer sequences are listed in
table S2.
Design of HA-tagged CASP16P plasmid
The synthesis of the ORF of the CASP16P gene (ENSEMBL:
ENSG00000228146) with the sequence for the HA tag (tatccatatgatgttccagattatgct) inserted at the N terminus was ordered from GeneArt
service (a Life Technologies Company, Regensburg, Germany). The
fragment was inserted into pcDNA3.1(+). The final construct was
verified by sequencing. The sequence identity within the insertion
sites was 100%.
Cell culture, transfections, and treatments
NCI-H295R and HEK293T cells were obtained from American Type
Culture Collection (ATCC). NCI-H295R cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM)/F12 supplemented
with 1× insulin-transferrin-selenium and Nu-Serum (2.5%), and
HEK293A cells were cultured in Dulbecco’s Modified Eagle Medium
(DMEM) (high glucose) supplemented with 10% fetal calf serum (FCS).
Both cell lines were authentified by short tandem repeat (STR) analysis and tested regularly for mycoplasma contamination. For transfection, cells were seeded in 12-well plates (3 × 105 per well in 1 ml)
or 15-cm dishes (9 × 106) for co-IPs 1 day before transfection. In
total, 1 g of DNA was diluted in 100 l of OPTI-MEM and 3 l of
HP X-treme transfection reagent (Roche, Mannheim, Germany).
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Fig. 6. Schematic representation showing the proposed mechanism of the fate of RII in adrenocortical cells. Fate of RII in the presence of (A) C WT or (B) the C
L206R mutant. (C) Without any exogenous C, regulatory subunits are degraded via the proteasome. (D) nonphosphorylatable R subunits are not recognized by caspase 16.
(E) 8-Br-cAMP, by activating the endogenous Ca WT and, hence, restoring physiological PKA signaling, reduces levels of CASP16P mRNA. (F) Overexpression of golgin A3
saves RII from caspase 16–mediated cleavage.
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The transfection mix was incubated at room temperature (RT) for
20 min and subsequently added to cells. Lysates were harvested
96 hours after transfection. For gene knockdown, siRNA pools against
PRKAR2B, GOLGA3, and ctrl (all Dharmacon, GE Healthcare) were
diluted in serum-free media to achieve a final concentration of
1 M, and lysates were harvested 96 hours after transfection. Cells
were treated with chemicals for 24 hours (if not stated otherwise) at
final concentrations of 10 M MG-132, 20 M H-89 (both Sigma-
Aldrich, St. Louis, MO, USA), 1 mM 8-Br-cAMP, 10 M Rp-8-BrcAMPs, 10 M Rp-8-PIP-cAMPs (all BioLog, Bremen, Germany),
60 M Z-VAD-FMK (Merck Millipore, Darmstadt, Germany), 20 nM
tautomycetin (for 96 hours) (Tocris Biosciences, USA), 20 M
st-Ht31, and st-Ht31P (Promega, Madison, WI, USA).

SDS–polyacrylamide gel electrophoresis and immunoblot
Cells were lysed in radioimmunoprecipitation assay buffer (Sigma-
Aldrich) containing protease inhibitor (Sigma-Aldrich) and phosphatase inhibitor (Santa Cruz) cocktails. Ten micrograms of protein
was loaded on a 4 to 15% denaturing gradient gel, and proteins were
separated by SDS–polyacrylamide gel electrophoresis. Proteins were
transferred by tank blot onto a polyvinylidene difluoride membrane
that was subsequently blocked in 5% skimmed milk in tris-buffered
saline (TBS)–Tween 20 buffer at RT for 1 hour. Primary antibodies
(FLAG: Sigma-Aldrich, clone: F1804, 1:5000; PRKACA: BD Biosciences,
#5B, 1:1000; PRKAR2B: BD Biosciences, #45, 1:1000; p-PRKAR2B:
LSBio, #LS-C357179, 1:1000; GOLGA3: Novus, #NBP1-91952, 1:200;
-tubulin: Sigma-Aldrich, #T9026, 1:20000; and glyceraldehyde-3phosphate dehydrogenase (GAPDH): Sigma-Aldrich, #g9549,
1:10,000) were incubated overnight (O/N) at 4°C. Membranes were
washed three times in TBS–Tween 20 buffer, and horseradish peroxidase–labeled secondary antibodies (goat–anti-rabbit, Jackson
ImmunoResearch Laboratories, #111-035-144, or goat–anti-mouse,
Jackson ImmunoResearch Laboratories, #115-035-003, as appropriate)
were diluted 1:10,000 and incubated at RT for 1 hour. The protein-
antibody complex was visualized with enhanced chemiluminescence
using Amersham ECL Prime reagent (GE Healthcare) and documented on an x-ray film (Fuji).
Coimmunoprecipitation
Cells were lysed 96 hours after transfection in IP lysis buffer (20 mM
tris, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, and 0.1% NP-40)
containing protease and phosphatase inhibitors and raised through a
syringe for five times before cell debris was removed at >1100g at 4°C
for 10 min. Supernatants were subsequently mixed with precoupled
magnetic FLAG beads (Sigma-Aldrich) and incubated for 2 hours.
Beads were collected with a magnet and washed five times with IP lysis
buffer. To elute proteins from beads, beads were boiled in SDS-loading
buffer, and the resulting proteins were subsequently loaded on a gel.
Identifying RII interaction partners by nanoLC-MS/MS
NCI-H295R cells were transfected with C WT and RII-FLAG or
C L206R and RII-FLAG, and co-IPs were performed as described
Weigand et al., Sci. Adv. 2021; 7 : eabd4176
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In-solution digestion
Proteins were stored in 1× NuPage sample buffer, reduced in 50 M
dithiothreitol reducing reagent at 70°C for 10 min and alkylated with
120 mM iodoacetamide at RT in the dark for 20 min. Precipitation
of proteins occurred O/N at −20°C with fourfold volume of acetone.
Pellets were subsequently washed four times with ice-cold acetone.
Precipitated proteins were then dissolved in 100 l of 8 M urea in
100 mM ammonium bicarbonate and digested with 0.25 g of Lys-C
(Wako) at 30°C for 2 hours. Samples were subsequently diluted to
2 M urea by adding 300 l of 100 mM ammonium bicarbonate.
Trypsin (0.25 g) was added, and digestion followed O/N at 37°C.
Desalting of peptides occurred using C18 Stage Tips (36). Each stage
tip was prepared with three discs of C18 Empore SPE Discs (3M) in
a 200-l pipet tip. Peptides were then eluted with 60% acetonitrile in
0.1% formic acid and dried in a vacuum concentrator (Eppendorf).
Peptides were stored at −20°C and dissolved in 2% acetonitrile/0.1%
formic acid before nanoLC-MS/MS analysis.
nanoLC-MS/MS analysis
NanoLC-MS/MS analyses were performed on an Orbitrap Fusion
mass spectrometer (Thermo Fisher Scientific), equipped with an
EASY-Spray Ion Source and coupled to an EASY-nLC 1000 liquid
chomatograph (Thermo Fisher Scientific). Peptides were loaded on
a trapping column and separated on an EASY-Spray column with a
140-min linear gradient from 3 to 45% acetonitrile and 0.1% formic
acid. Both MS and MS/MS scans were acquired in the Orbitrap analyzer with a resolution of 15,000. Higher-energy collisional dissociation (HCD) with 35% normalized collision energy was applied.
Top-speed data-dependent MS/MS method with a fixed cycle time
of 3 s was used. Dynamic exclusion was applied with a repeat count
of 1 and an exclusion duration of 60 s, and singly charged precursors were excluded from selection. Minimum signal threshold for
precursor selection was set to 50,000. Predictive automatic gain
control (pAGC) was used with a target value of 5× 104 for MS/MS
scans. EASY-IC was used for internal calibration.
Raw data processing and database search
For MS raw data file processing, database searches, and quantification,
the MaxQuant version 1.5.7.4 was used (37). Search was performed
against the Homo sapiens reference proteome database (Uniprot,
download date 9 December 2016) and, in addition, against a database containing common cell culture contaminants. Search was
performed with tryptic cleavage specificity with three allowed miscleavages. Less than 1% false discovery rate (FDR) on protein and
peptide level was used for protein identification. In addition to default settings, protein N-terminal acetylation, Gln to pyro-Glu formation, and oxidation were included as variable modifications. For
protein quantitation, the label free quantification (LFQ) intensities
were used (38). Proteins with less than two identified razor/unique
peptides were dismissed. Further data analysis steps were done with
in-house–developed R scripts. For discrimination of unspecifically
immunoprecipitated proteins, LFQ intensities of IP control samples
were quantile normalized, and median intensities were calculated.
Missing LFQ intensities in the pooled control samples were imputed
with values close to the baseline. For comparison of experimental
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LC-MS/MS of steroid hormones
Steroid hormones in cell culture supernatants were quantified with
the MassChrom steroids kit (Chromsystems) on a Qtrap 6500+ (Sciex)
mass spectrometer coupled to a 1290 Infinity HPLC System (Agilent).
Signal analysis was performed with Analyst Software (1.6.3, Sciex)
as described elsewhere (35).

above. To determine proteins bound unspecifically to FLAG beads,
all transfections and conditions were additionally performed with
untagged RII plasmids.
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Pulse chase experiments
NCI-H295R cells were washed twice with DPBS before starving media [DMEM/F12 supplemented with 1× ITS (insulin-transferrin-
selenium), Gibco, life technologies] were added. Cells were incubated
for 1 hour under starving conditions. Starving media were removed,
and cells were incubated with pulse media [DMEM/F12 supplemented
with 1× ITS +35S-labeled amino acids (methionine and cysteine)
(PerkinElmer)] for 1 hour. Pulse media were removed, and cells were
harvested in IP lysis buffer and IP was performed with magnetic
FLAG beads as described above. Eluted proteins were loaded on a
12% polyacrylamide gel, and gels were dried afterward at 80°C for
1 hour in a gel dryer (Bio-Rad). Analysis of dried gels occurred by
autoradiography on an x-ray film for 3 days.
RNA sequencing
Gene expression profile investigated by RNA sequencing was available for a large set of fresh-frozen adrenocortical tumors from a previous multicenter study coordinated by our group on behalf of the
European Network for the Study of Adrenal Tumors (ENSAT) (18).
In particular, this cohort included 52 adenomas (9 endocrine inactive, EIAs, and 43 CPA) and 7 carcinomas (ACC), while 4 nAGs
were used as reference. The genetic background of adenomas was
known from previous whole-exome sequencing (4) or Sanger sequencing for PRKACA mutation (3).
In brief, RNA was isolated by RNEasy Lipid Tissue Mini Kit
(Qiagen, Hilden, Germany) (n = 23) or by Maxwell 16 Total RNA
Purification Kit used with the Maxwell 16 Instrument (n = 36), according to the manufacturers’ instruction. RNA quality control was
performed by an Agilent Technologies 2100 Bioanalyzer, and an RNA
integrity number (RIN) value ≥8 was required to ensure efficient
mRNA sequencing. TruSeq RNA Library Prep Kit was applied before Illumina sequencing (NextSeq500) of pooled normalized libraries. Specifically, a paired-end 75–nucleotide (nt) mode (high-output
flow cells) was used for a minimum of 40 to 100 million reads per
sample.
An initial quality assessment was performed using FastQC v0.11.5
(www.bioinformatics.babraham.ac.uk/projects/fastqc). Adapter and
quality trimming was done with Cutadapt, v1.1.5 (https://cutadapt.
readthedocs.io/en/stable/). STAR v2.5.3a (40) was used to map the
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trimmed reads to the GENCODE human reference genome GRCh37
release 29. We used Samtools v1.3 (41) using htslib v1.3 for sam-tobam-conversions as well as sorting and indexing of the alignment
files. For gene annotation, the GENCODE human reference genome
GRCh37 release 29 was used. FPKM (fragments per kilobase million)
values and differential gene expression were calculated with Cufflinks
package v2.2.1 (42). Only FPKM values of all genes with a coefficient of variation ≥0.5 were used in the evaluation.
Tissue collection for RT-qPCR
Fresh tumor samples from 34 patients who underwent surgery for
adrenal tumors were collected as part of the ENSAT registry and
biobank (https://registry.ensat.org), conformed to the principles of
the Declaration of Helsinki, the Good Clinical Practice Guidelines,
and was approved by the ethics committee of the University of
Würzburg (approval # 86/03 and 88/11), and all patients provided
informed consent. nAGs were collected from patients who underwent adrenalectomy due to renal cancer (n = 16). After surgery, fat
and connective tissue were removed, and tissues were immediately
snap frozen in liquid nitrogen and stored at −80°C until RNA were
extracted.
RNA extraction and RT-qPCR
RNA from fresh-frozen tissues or transfected NCI-H295R cells was
isolated using the RNeasy Lipid Tissue Mini Kit (Qiagen) and reverse
transcribed with the QuantiTect Reverse Transcription Kit (Qiagen).
CASP16P RT-qPCR was performed using predesigned TaqMan
gene expression probes (Thermo Fisher Scientific) for CASP16P
(Hs00395216_m1) and beta actin (ACTB) (Hs9999903_m1) were used
for normalization. Five nanograms of cDNA was used for each PCR,
and each sample was analyzed in duplicate. Transcripts were amplified using the TaqMan Gene Expression Master Mix (Thermo
Fisher Scientific), the CFX96 real-time thermocycler (Bio-Rad), and
Bio-Rad CFX Manager 2.0 software. Cycling conditions were 95°C
for 3 min followed by 50 cycles of 95°C for 30 s, 60°C for 30 s, and
72°C for 30 s. Gene expression levels were normalized to those of
ACTB by using the CT method (43).
Statistical analyses
One-way analysis of variance (ANOVA) with either Tukey’s or Dunn’s
posttest or Kruskal-Wallis test was used to determine statistically
significant differences between more than two parametric and nonparametric datasets, respectively. To determine the significant differences between two nonparametric datasets, unpaired t test was
used. Statistical analyses were performed using GraphPad Prism
(version 6.0). For normal distribution testing, Kolmogorov-Smirnov
test was used. P < 0.05 was considered as statistically significant.
SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/8/eabd4176/DC1
View/request a protocol for this paper from Bio-protocol.
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