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Mislocalization of protein kinase A drives pathology

in Cushing’s syndrome
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e PKAc mutants found in adrenal Cushing’s syndrome are
chronically mislocalized

e Displacement from AKAPs is required for stress hormone
overproduction by mutants

e A PKAc-W196R knockin mouse recapitulates adrenal
Cushing’s syndrome hallmarks

o PKAc-L205R and PKAc-W196R drive distinct downstream
signaling pathways
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In brief

Mutations in the catalytic subunit of
protein kinase A (PKAc) cause a stress
hormone disorder called adrenal
Cushing’s syndrome. Omar et al. uncover
mislocalization as a required component
of mutant-kinase pathology. Remarkably,
two seemingly similar disease-causing
PKAc variants diverge in subcellular
localization, physiochemical properties,
and downstream signaling pathways.
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SUMMARY

Mutations in the catalytic subunit of protein kinase A (PKAc) drive the stress hormone disorder adrenal Cush-
ing’s syndrome. We define mechanisms of action for the PKAc-L205R and W196R variants. Proximity prote-
omic techniques demonstrate that both Cushing’s mutants are excluded from A kinase-anchoring protein
(AKAP)-signaling islands, whereas live-cell photoactivation microscopy reveals that these kinase mutants in-
discriminately diffuse throughout the cell. Only cAMP analog drugs that displace native PKAc from AKAPs
enhance cortisol release. Rescue experiments that incorporate PKAc mutants into AKAP complexes abolish
cortisol overproduction, indicating that kinase anchoring restores normal endocrine function. Analyses of ad-
renal-specific PKAc-W196R knockin mice and Cushing’s syndrome patient tissue reveal defective signaling
mechanisms of the disease. Surprisingly each Cushing’s mutant engages a different mitogenic-signaling
pathway, with upregulation of YAP/TAZ by PKAc-L205R and ERK kinase activation by PKAc-W196R.
Thus, aberrant spatiotemporal regulation of each Cushing’s variant promotes the transmission of distinct

downstream pathogenic signals.

INTRODUCTION

Cushing’s syndrome is an endocrine disorder caused by chron-
ically elevated levels of the stress hormone cortisol. Patients
classically present with weight gain, chronic fatigue, hyperten-
sion, and depression (Lacroix et al., 2015). Adrenal Cushing’s
syndrome is often a consequence of defective cAMP signaling
in the adrenal cortex (Hernandez-Ramirez and Stratakis, 2018;
Rosenberg et al., 2002). Whole-exome sequencing of adrenal
tissue from patients has identified mutations and insertions in
protein kinase A catalytic subunits (PKAc) that are drivers of
Cushing’s syndrome (Beuschlein et al., 2014; Cao et al., 2014;
Di Dalmazi et al., 2014; Espiard et al., 2018; Goh et al., 2014;
Ronchi et al., 2016; Sato et al., 2014). Most PKAc mutations
cluster where the kinase domain interfaces with its regulatory
subunits (R) (Bathon et al., 2019). This protein-protein interaction
is not only necessary for autoinhibition of kinase activity, but it
also directs the subcellular targeting of PKA holoenzymes
through association with A kinase-anchoring proteins (AKAPS)
(Scott and Pawson, 2009; Tasken and Aandahl, 2004; Wong
and Scott, 2004).

Gheck for
Updates

A traditional view of cAMP signaling proposes that this diffus-
ible second messenger unilaterally activates PKA throughout the
cell. Yet, contrary to this dogma, elegant fluorescent spectros-
copy studies show that under physiological parameters cAMP
accumulation occurs within nanometer-sized domains (Bock
et al., 2021; Musheshe et al., 2018). The existence of cAMP
nanodomains argues that the local actions of PKA, EPAC gua-
nine-nucleotide-exchange factors, and Popeye-domain-con-
taining proteins are more intricately organized than was originally
considered (Amunjela et al., 2019; Bauman et al., 2006; Vina
etal., 2021; Yarwood, 2020). This cAMP nanodomain hypothesis
is consistent with our own molecular evidence that anchored,
intact, and active PKA holoenzymes operate within a 200- to
400-A radius of action (Langeberg and Scott, 2015; Smith
etal., 2013, 2017). Anchoring of PKA within cAMP nanodomains
creates discrete and autonomous AKAP “signaling islands”
where this kinase is sequestered near its preferred substrates
(Figure 1A) (Bock et al., 2021; Smith et al., 2017). This concept
also explains how the ubiquitous second-messenger cAMP
can simultaneously propagate distinct signaling events within
the same cell (Omar and Scott, 2020).
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Figure 1. Cushing’s mutants are excluded from AKAP signaling islands
(A) Model of AKAP signaling island. Regulatory subunits, R; catalytic subunits, C.

Time relative to activation (sec)

(B) Structure of PKAc bound to the inhibitory region of RIIf (green). The W196R (C) and L205R (D) mutations fall within the red region.

(E) Immunoprecipitation of AKAP79 from H295R adrenal cells.
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PKA is a broad-spectrum kinase that phosphorylates hun-
dreds of cellular substrates (Shabb, 2001; Taylor et al., 2012;
Turnham and Scott, 2016). Accordingly, lesions in PRKAC and
PRKAR genes are linked to a growing number of diseases (Ma
et al., 2019; Palencia-Campos et al., 2020; Stratakis, 2018; Turn-
ham et al., 2019). Herein, we define the mechanism of action for
PKAc variants that occur in patients suffering from adrenal (adre-
nocorticotropic hormone-independent) Cushing’s syndrome
(Figures 1B-1D). The most prevalent mutant identified is
L205R, which is found in ~45% of Cushing’s patients (Bathon
et al., 2019). Seven other PKAc mutations including the W196R
variant have been identified in adenomas from Cushing’s pa-
tients (Bathon et al., 2019; Espiard et al., 2018). We report that
the Cushing’s variants PKAc-L205R and PKAc-W196R are
physiochemically distinct protein kinases that are chronically
mislocalized inside adrenal cells and surprisingly engage distinct
downstream signaling pathways.

RESULTS

Cushing’s mutants are excluded from AKAP signaling
islands

Initially, we assessed whether Cushing’s syndrome mutations
in PKAc disrupt association with AKAP signaling islands in
NCI-H295R human adrenocortical carcinoma cells. Immunopre-
cipitation of AKAP79 pulled down type Il regulatory subunits (RII)
and wild-type (WT) PKAc (Figure 1E, lane 1). In contrast, PKAc-
L205R and PKAc-W196R were not detected in AKAP79 immune
complexes (Figure 1E, lanes 2 and 3). Next, we tested the asso-
ciation between R subunits and each PKAc form. Immunopre-
cipitation of WT PKAc pulled down type | and type Il regulatory
subunits (Figure 1F, lane 1). Neither L205R nor W196R co-
precipitated the R subunits (Figure 1F, lanes 2 and 3). Recombi-
nant proteins were utilized to further evaluate effects of L205R or
W196R on interactions with AKAPs. Upon pull-down of an
AKAP79 fragment (aa 297-427), Rll was detected in all condi-
tions (Figure 1G, top). WT PKAc and PKAc-R133A, a variant
known to be deficient in PKI binding, retained the ability to
bind RIl (Figure 1G, lanes 1 and 3). In contrast, Rl failed to pull
down the PKAc-L205R or W196R variants (Figure 1G, lanes
5-8). Loading controls verify that equivalent levels of AKAP79,
RIl, and C subunits were present in each experimental condition
(Figure 1G, middle and bottom). Other controls confirmed that
incubation with supraphysiological levels of cAMP disrupted all
PKAc interactions (Figure 1G, lanes 2 and 4).

Regulatory subunits autoinhibit PKAc activity. Accordingly,
titration of RIl causes a precipitous reduction in WT PKA activity
between Rll concentrations of 0.83 and 8.3 nM (Figure 1H, black).
In contrast, neither PKAc-L205R (blue) nor PKAc-W196R (red) is
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autoinhibited by RIl (Figures 1H and S1A). A more rigorous test
examined the phosphorylation of the canonical PKA substrates
CREB and ATF1 in a genetic background depleted of native
kinase. CRISPR-Cas9 gene editing was used to remove PKAca
from U20S cells (Smith et al., 2017). Rescue experiments reintro-
duced PKAc-L205R or PKAc-W196R. Immunoblot detection of
phospho-CREB and phospho-ATF1 served as an index of kinase
activity (Figure 11). Under basal conditions the WT kinase
minimally phosphorylated either substrate (Figure 11, lane 1). In
contrast, PKAc-L205R enhanced phosphorylation 1.9 =+
0.2-fold and PKAc-W196R enhanced phosphorylation 2.1 +
0.2-fold compared with WT. (Figure 1l, lanes 2 and 3, and Fig-
ure S1B). Detection of PKA substrates, with an antibody against
phosphorylated target sequence RRXS/T, was also increased by
Cushing’s variants (Figure 11, fifth panel).

Next, we measured human stress hormone (cortisol) release
from H295R cells. Initially we established baseline 1-h cortisol
release from H295R adrenal cells expressing WT PKAc (Fig-
ure 1J, gray). Cortisol release was elevated upon expression of
PKAc-L205R (Figure 1J, blue). Interestingly, expression of
PKAc-W196R had the most robust effect, showing over 3-fold
production of stress hormone compared with WT kinase (Fig-
ure 1J, red). Collectively, these structural, biochemical, and
cell-based data suggest that both L205R and W196R mutations
disrupt inhibition of PKAc by its regulatory subunits and displace
the kinase from AKAP signaling islands.

To monitor how Cushing’s mutations impact localization and
mobility, we used live-cell photoactivation microscopy. Upon
activation of a 2 uM circle on the membrane of H295R cells,
WT PKACc tagged with photoactivatable mCherry maintained its
localization relative to fluorescently tagged AKAP79 (Figure 1K,
top row, and Figure 1L, gray trace; Figure S1C and Video S1).
This is characteristic of PKAc retention within AKAP signaling
islands. In contrast, PKAc-L205R and W196R variants rapidly
diffused away from membrane-associated AKAP79, filling the
cytosol (Figure 1K, middle and bottom rows; Figure S1C and
Videos S2 and S3). Quantification of 15 cells from three experi-
ments detected significant differences in the mobility of PKAc
variants, including greater movement of PKAc-L205R compared
with W196R (Figures 1L and 1M). Thus, Cushing’s syndrome
PKAc variants are not compartmentalized by AKAPs.

Proximity proteomics identify distinct associations
among PKAc variants

To gain further insight into the molecular action of PKAc-L205
and W196R, we conducted proximity proteomic screens using
the biotin ligase miniTurbo (Figure 2A) (Branon et al., 2018; Smith
et al., 2018). We generated stable H295R cell lines expressing
low levels (~20% of endogenous) of WT or mutant PKAc variants

F) Immunoprecipitation of PKAc from H295R cells.
G) AKAPT79 (297-427)-PKA complex formation in vitro + cAMP.

) Immunoblots of CRISPR PKAca.~~ U20S cells expressing RII-GFP with either WT or mutant PKAc-V5. Mean + 95% ClI.

(
(
(H) Changes in PKA-dependent phosphorylation of a fluorescently labeled peptide substrate upon increasing concentrations of Rlla. Mean + SD; n = 4.
(
(

J) Cortisol measurements from H295R cells infected with PKAc variants. Mean + SE. *p < 0.05, Student’s t tests after one-way ANOVA; n = 6.

K) Photoactivation time courses in H295R cells. AKAP79-YFP, RII-iRFP, and PKAc tagged with photoactivatable mCherry were expressed. Scale bar, 10 um.

(
(L) Quantitation of (K). Three experimental replicates.
(

M) Integration of (L). Mean + SE. ***p < 0.0001, one-way ANOVA with Dunnett’s correction. See also Figure S1.
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tagged with miniTurbo (Figure 2, bottom, and Figures S2A-S2C).
Live biotinylation for 1 h labeled proteins proximal to catalytic
subunits. Distinct patterns of labeled proteins associated with
each PKAc-miniTurbo variant were detected by neutravidin-
HRP western blot (Figure 2B, top, and Figures S2A and S2B).
This strategy generated a “proximitome” rather than an “interac-
tome” for each PKAc variant.

Proteomic analysis identified both shared and distinct pools of
proximal proteins among PKAc variants (Figures 2C and 2D).
Quantitative bioinformatic analyses of each proximitome re-
vealed reduced association with AKAPs and R subunits
(Figures 2C and 2D, black dots). Proteins enriched in the mutant
conditions (Figure 2C, blue dots, and Figure 2D, red dots) were
analyzed using STRING to identify network enrichments and
gene ontology (GO) cell component annotations (Szklarczyk
et al.,, 2019). Scrutiny of the PKAc-L205R dataset identified
subnetworks for nuclear pore export, protein translation, and
spliceosome functions (Figure 2E). The PKAc-W196R proximi-
tome also included proteins involved in nuclear pore function
and translation, as well histone modification and melanosome
protein subnetworks (Figure 2G). Nineteen significantly enriched
proteins were present in both PKAc-L205R and W196R proximi-
tomes (Figure 2F). Equivalent self-labeling among PKAc variants
served as a positive control, whereas deficient labeling of R sub-
units by each mutant kinase was a negative control (Figure 2H).
Loss of association with AKAPs provides further evidence
for displacement from AKAP signaling islands in both
PKACc-L205R (blue) and PKAc-W196R (red) datasets (Figure 2I).

By comparing GO enrichment scores for cell component as-
sociation, we were able to quantify differences in the subcellular
distribution of PKAc variants. Whereas both Cushing’s variants
exhibit increased proximity to mitochondria, PKAc-L205R has
greater access to nuclear components (Figures 2J and 2K).
Cytoskeletal and membrane association are reduced for both
PKAc-L205R and W196R (Figures 2J and 2K). Hence, decreased
association with AKAPs favors redistribution of Cushing’s PKAc
variants to different subcellular compartments.

Cushing’s mutants exhibit distinct physiochemical
profiles

Our data imply that PKAc-L205R and PKAc-W196R have distinct
mechanisms of action. In vitro kinase activity measurements (us-
ing Kemptide as a substrate) confirm that PKAc-L205R is less
catalytically efficient than WT, requiring 20-fold more enzyme
to achieve 50% substrate phosphorylation (Figure 3A, blue,

¢ CellP’ress

and Figure S3A). In contrast, activity curves for PKAc-W196R
were identical to the WT kinase (Figure 3A, red and black). ATP
incorporation was similar among the tested PKAc forms (Fig-
ure S3B). Quantitative mass spectrometry analysis revealed
stark differences in the autophosphorylation status of each
PKA variant (Figure 3B). Up to 11 sites were fully occupied on
WT PKAc, with W196R showing decreased phosphate incorpo-
ration at most sites (Figure 3B). Surprisingly, PKAc-L205R was
effectively unphosphorylated (Figure 3B). This provides molecu-
lar context to explain the faster migration of PKAc-L205R in gel
electrophoresis (Figure S3A). We then used thermal stability to
measure the structural integrity of the variants. Both Cushing’s
mutants were compromised, with unfolding occurring at
2°-3°C lower than WT kinase (Figure 3C). Such physiochemical
differences between PKAc-L205R and W196R offer possible
explanations for the differential behavior of these Cushing’s
variants.

High-resolution immunofluorescent imaging examined the
subcellular location of each PKAc variant in H295R adrenal cells.
The L205R variant displayed a more pronounced nuclear locali-
zation than PKAc-W196R or the WT kinase (Figures 3D and 3E).
Line plot analyses quantitatively validated these observations
(Figures 3E and 3F). Expression of either Cushing’s variant
enhanced phosphorylation of a canonical PKA substrate, serine
63, on ATF1 (Figure 3G, middle). Importantly, pATF1 detection
was attenuated when control studies were conducted in
H295R adrenal cells expressing K72A kinase-dead mutants
(Figure S3C). Similar effects were observed in the mouse
adrenocortical tumor cell line ATC7L when the same antibodies
were used to detect phospho-CREB (Figures S3D and S3E).
Immunoblot analysis demonstrated that PKAc-W196R
enhanced PKA substrate phosphorylation 1.37 + 0.07-fold
compared with the WT. This Cushing’s variant also up-regulated
levels of the mitochondrial cholesterol importer steroidogenic
acute regulatory protein (StAR), a cAMP-responsive gene that
controls the rate-limiting step in steroidogenesis, by 2.9 + 0.4-
fold. (Figure 3H, lane 2, and Figures S3F and S3G) (Selvaraj
et al., 2018). Introduction of a kinase-dead mutation abolished
both effects (Figures 3H, S3F, and S3G). Hormone measure-
ments further revealed that expression of kinase-dead
PKAc-W196R rescued overproduction of cortisol (Figure 3l).
Pharmacological inhibition of native PKA with H89 for 1 h caused
a modest reduction in pATF1 levels and decreased autophos-
phorylation of RIl (Figures 3J, S3H, and S3l). This acute
treatment was also sufficient to decrease cortisol production

Figure 2. Proximity proteomics identify distinct associations among PKAc variants
(A) Model of PKAc tagged with miniTurbo biotin ligase at an AKAP signaling island. Upon application of biotin, proteins in proximity (5-10 nm) to PKAc are

biotinylated.

(B) Immunoblots of lysates from stable H295R lines after proximity biotinylation. Neutravidin-HRP signal (top) shows banding differences among conditions.
PKAc signal (bottom) shows expression of tagged kinase at low levels versus endogenous PKAc.

(C and D) Volcano plots of proximity proteomics. Black, proteins underrepresented versus WT. Blue (L205R) and Red (W196R), proteins enriched in the mutant
conditions. Gray, proteins with a corrected p value lower than 0.05. Four biological replicates.

(E-G) STRING network depictions of selected enriched proteins in L205R (E) and W196R (G). Between is a list (F) of proteins identified as enriched in both mutant

conditions.

(H) Quantitation of association with PKA holoenzyme components.
(
(J) Gene ontology enrichment scores for cell component relative to WT.
(K and L) Graphical depictions of (J). See also Figure S2.

1) Association with AKAPs as determined by peptides identified versus WT condition.
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(Figure 3K). Similar effects were noted in ATC7L cells but with
greater sensitivity to H89 (Figures S3J and S3K). Together, these
data demonstrate differences between the activity and compart-
mentalization of PKAc-L205R and -W196R Cushing’s variants.
Despite these mutations altering PKAc activity, escape of the ki-
nase from AKAP signaling islands promotes aberrant substrate
hyperphosphorylation and cortisol overproduction.

PKA activation is not sufficient for stress hormone
overproduction

Cell-permeable analogs of cAMP that differentially occupy the
cyclic nucleotide-binding pockets of R subunits are useful tools
to manipulate the activity and location of native PKAc. Two phar-
macological regimens were utilized to ensure experimental rigor:
(1) a cocktail of Sp-5,6-DCI-cBIMPS and 6-benzyl cAMP
(BIMPS/Bnz) and (2) the less cell-permeable analog Sp-cAMPS
(Figure 4A). The concentrations of cAMP analogs used in our
studies were based on previously published values (Dostmann
et al., 1990; Poppe et al., 2008; Sandberg et al., 1991). Immuno-
blot detection of phosphorylated ATF1 demonstrated that both
drug treatments activated the kinase (BIMPS/Bnz 1 uM/3 pM =
1.45 + 0.16 versus WT, Sp-cAMPS 100 uM = 1.41 + 0.16 versus
WT; Figure 4B, top, and Figure 4C). Detection of phospho-Rll, an
index of PKAc activity within the anchored holoenzyme, was
prominent at all concentrations of BIMPS/Bnz (Figure 4B, lanes
2-4, and Figure 4D, teal, 1 uM/3 uM = 1.15 £ 0.09 versus WT).
Conversely, increasing the dosage of Sp-cAMPS decreased
RIl phosphorylation (Figure 4B, middle, lanes 5-7, and Figure 4D,
purple, 100 uM = 0.45 + 0.09 versus WT). This latter observation
is consistent with release of PKAc from anchored holoenzymes
and diffusion into the cell. As a positive control, the adenylyl
cyclase activator forskolin and phosphodiesterase inhibitor
3-isobutyl-1-methylxanthine (Fsk/IBMX) were used to boost
supraphysiological accumulation of intracellular cAMP. This
drug regimen promoted the unilateral release of anchored PKA
and maximally enhanced cortisol production (Figure 4B, lane
8). Parallel studies in mouse ATC7L cells gave the same pattern
but with heightened sensitivity to cAMP analogs (Figure S4A).
These pharmacological studies argue that BIMPS/Bnz cocktails
selectively activate PKAc immobilized within anchored holoen-
zymes, whereas Sp-cAMPS releases active kinase into the
cytosol.
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To further test this postulate, we utilized live-cell photoactiva-
tion imaging assays (Figure 4E). H295R cells were transfected
with AKAP79-YFP (green) to sequester PKA holoenzymes at
the plasma membrane. Diffusion of photoactivated PKAc
(magenta) was minimal over a time course of 10 s in vehicle-
treated cells (Figure 4E, top; Video S4). Similar effects were
observed in cells treated with the BIMPS/Bnz cocktail (Figure 4E,
middle; Video S5). Conversely, application of Sp-cAMPS pro-
moted the release of WT PKAc from sites of photoactivation (Fig-
ure 4E, bottom; Video S6). Supraphysiological stimulation of
cAMP accumulation with Fsk/IBMX induced a rapid loss of
PKAc localization to AKAP79 signaling islands (Figure S4B;
Video S7). Quantification from multiple experiments confirmed
the results (Figures 4G and 4F). Thus, BIMPS/Bnz stimulates
PKA in the context of AKAP signaling islands, whereas
Sp-cAMPS promotes release of the active kinase, thereby repli-
cating the mechanistic effect of Cushing’s mutants. Stress hor-
mone measurements validated this hypothesis, detecting
remarkable differences between the cAMP analog regimens in
H295R (Figure 4H) and ATC7L (Figure S4C) cells. BIMPS/Bnz
cAMP activation of PKA in the context of AKAP signaling islands
had no effect on stress hormone levels (Figure 4H, teal, and Fig-
ure S4C). In contrast, releasing the kinase upon application of
Sp-cAMPS induced stress hormone production in a dose-
dependent manner (Figure 4H, purple, and Figure S4C). Controls
confirmed that supraphysiological cAMP stimulation with
Fsk/IBMX promoted maximal cortisol release (Figure 4H, gray,
and Figure S4C).

In healthy individuals, adrenocorticotropic hormone (ACTH) is
released from the pituitary gland to stimulate cortisol production
in the adrenal glands (Rosenberg et al., 2002). We tested how
ACTH impacts activation and localization of native PKAc. Normal
circadian concentrations of ACTH (1-10 pM) caused modest
elevation of phospho-ATF1 in H295R cells (Figure S4D). Photo-
activation experiments showed minimal changes in mobility of
the kinase upon hormonal stimulation (Figures 41-4K). ATC7L
cells exhibited dosage-dependent increases to both phospho-
CREB and phospho-ATF1 (Figure 4L, top, and Figures 4M,
S4E, and S4F). Detection of the phospho-RIl signal was used
as an index of kinase activity within the confines of the PKA
holoenzyme (Isensee et al., 2018). Immunoblot detection of
phospho-RIl was prominent upon stimulation of cells with

Figure 3. Cushing’s mutants exhibit distinct physiochemical profiles

(A) Catalytic activity of recombinant WT and mutant PKAc toward a peptide substrate. Data are %substrate phosphorylation (mean + SD) after 5 min; n = 4.
Relative rates were determined per ng of enzyme as pmol phosphate incorporation per min. Calculated from assays containing 0.8 ng WT and W196R PKAc and
19.5 ng L205R at linear rates of phosphorylation.

(B) Structural depictions and quantification of relative abundance of phosphorylated sites compared with WT PKAc as measured by mass spectrometry. Red
>66.7% WT levels. Gold, 1-66.6% WT levels; n = 3.

(C) Normalized thermal melt curves for WT and mutant PKAc.

D) Orthogonal depictions of PKAc immunofluorescence in H295R cells. Side, zy planes; bottom, zx planes; scale bar, 10 um.

E) Line plots of PKAc signals in (D) as indicated by yellow dotted lines.

F) Quantitation of line plots using DAPI signal to define nucleus; n > 11; mean + SE.***p < 0.0001, one-way ANOVA with Dunnett’s correction.

G) H295R cells expressing V5-tagged PKAc variants were stained for V5 and pATF1. Scale bar, 20 um.

H) Immunoblot of H295R lysates infected with PKAc variants as listed. Represents three replicate experiments.

1) Cortisol measurements from H295R cells. Kinase activity is necessary for the mutant’s effect on cortisol production. Mean + SE. **p < 0.01 versus WT and
###p < 0.001 versus W196R; one-way ANOVA with Sidak correction; n = 3.

(J) Immunoblot of H295R lysates after 1-h incubation with vehicle or H89. Represents three experimental replicates.

(K) Cortisol measurements from H295R cells after 1-h vehicle or H89. Mean + SE. **p < 0.001, one-way ANOVA with Sidak correction. See also Figure S3.
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physiological levels of ACTH and was markedly reduced by
supraphysiological application of the hormone (Figure 4L,
middle, and Figure 4N). Next, we used cell-permeable anchoring
disruptor peptides to independently test whether overproduc-
tion of stress hormone required mislocalization of PKA activity
in ATC7L cells. Application of stearated (St)-Ht31 increased
hormone production when combined with BIMPS/Bnz treatment
(Figure 40). In contrast, the St-Ht31P control peptide had no ef-
fect (Figure 40). Hence, Figure 4 suggests that activation of
PKAc alone is not sufficient to strongly elevate stress hormone
production. Rather, displacement of PKAc from AKAPs is
required for this event.

Tethering Cushing’s mutants restores normal stress
hormone production
Our working hypothesis is that displacement of active PKAc from
AKAP signaling islands underlies Cushing’s syndrome (Fig-
ure 5A). This presupposes that correcting the displacement of
Cushing’s PKAc variants should abolish their effects on stress
hormone overproduction. Rescue experiments were accom-
plished by tethering PKAc-L205R or W196R via a peptide
linker to the RII subunit (Figure 5B). We established proof of
principle by immunofluorescence detection of PKAc variants
(magenta) coexpressed with plasma-membrane-targeted
AKAP79 (Figures 5C and 5D, green). Control experiments
evaluated PKA fusions linked by a P2A self-cleaving peptide
(Figure 5C). This technology ensures equivalent production of
both protein components during translation (Liu et al., 2017).
Only native PKAc colocalized with AKAP79 (Figure 5C, top
row), whereas free PKAc-L205R and W196R filled the cytosol
(Figure 5C, middle and bottom rows). In contrast, each RII-PKAc
fusion (magenta) co-localized with AKAP79 (Figure 5D, green).
This experimental strategy was used to test whether reconsti-
tution of AKAP signaling islands in adrenal cells corrects stress
hormone overproduction. Few AKAPs were detected when
PKAc-L205R or W196R immune complexes were probed by
RIl overlay (Figure 5E, top, lanes 2 and 3). Yet, parallel analyses
of RII-L205R or RII-W196R fusions detected multiple AKAPs,
including AKAP-Lbc, AKAP79/150, and D-AKAP1 (Figure 5E,

¢ CellP’ress
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top, lanes 5 and 6). Additional biochemical analyses found that
free Cushing’s mutants stimulate phosphorylation of CREB,
ATF1, and PKA substrates (Figure 5F, top three panels, lanes
1-3, and Figure S5A). Similarly, expression of free PKAc-
L205R or W196R elevated levels of StAR compared with native
kinase (Figure 5F, fourth panel, lanes 1-3, and Figure S5B).
Fusion of each mutant kinase to RIl returned these cAMP-
signaling events back to baseline levels (Figure 5F, lanes 4-6).
Importantly, fusion of PKAc-L205R or W196R to RIl rescued
overproduction of stress hormone in mouse ATC7L and human
H295R adrenal cells (Figures 5G and 5H). Collectively, the data
in Figure 5 show that displacement of PKA from AKAP signaling
islands is a pathological event in Cushing’s syndrome.

Proximity phosphoproteomic analyses reveal disruption
of ERK and Hippo signaling

A logical extension of our working premise is that mislocalization
of Cushing’s variants alters phosphorylation of substrates.
Therefore, we conducted phosphoproteomic screens to identify
signaling mechanisms implicated in the disease. Proximity-bio-
tinylated phosphoproteins were isolated from H295R cells ex-
pressing miniTurbo-tagged versions of PKAc-L205R or W196R
(Figure 6A). Volcano plot visualization of mass spectrometry
data illustrates the phosphopeptides depleted and enriched for
each mutant (Figures 6B and 6C). Deciphering the PKAc-
L205R and W196R phosphoproximitomes revealed 48 and
30 hits, respectively, that were significantly depleted compared
with WT (Figures 6B and 6C, black dots, and Figure S5A).
Reduced detection of phosphopeptides from AKAP-Lbc and
AKAP220 occurred in both screens. This is consistent with
evidence that Cushing’s PKAc variants are displaced from
AKAP signaling islands (Figures 1E and 1K).

Eighty phosphopeptides were enriched in the PKAc-L205R
phospho-proximitome (Figure 6B, blue dots, and 6D, left), and
45 phosphopeptides were enriched in the PKAc-W196R dataset
(Figure 6C, red dots, and 6D, right). Six enriched phosphopepti-
des were common to both datasets, including sites on the
insulin receptor substrate 2 (IRS2; Figures 6D and S5A). This
scaffolding protein couples insulin action to MAP kinase

Figure 4. PKA activation is not sufficient for stress hormone overproduction

(A) cAMP analogs used.

(B) Immunoblot of H295R lysates after 1 h with vehicle or increasing concentrations of PKA-activating drugs.

(C and D) Quantification of phospho-ATF1 signal normalized to total protein (C) and phospho-RIIp signal divided by total RIIB (D). Teal, 1 uM Sp-5,6-DCI-cBIMPS +
uM 6-Bnz-cAMP. Purple, 100 pM Sp-cAMPS. Mean + SE. *p < 0.05, one-way ANOVA with Holm-Sidak correction; n = 5.

(E) Photoactivation time course of H295R cells expressing AKAP79-YFP, RII-iRFP, and WT PKAc tagged with photoactivatable mCherry. Top, vehicle only;
middle, 1 uM Sp-5,6-DCI-cBIMPS + 3 uM 6-Bnz-cAMP; bottom, 100 puM Sp-cAMPS. Scale bar, 10 um.

(F) Amalgamated photoactivation data from three experimental replicates. Mean + SE.

(G) Integration of values from (F). Mean + SE. ***p < 0.0001, one-way ANOVA with Dunnett’s correction.

(H) Cortisol measurements from H295R cells treated for 1 h with vehicle or increasing concentrations of PKA-activating drugs. Mean + SE. **p < 0.001,

****p < 0.0001, one-way ANOVA with Dunnett’s correction; n = 4.

(I) Photoactivation time course after exposure to 1 nM ACTH. Scale bar, 10 um.
J) Photoactivation quantitation of H295R cells with and without ACTH. Data from two experimental replicates. Mean + SE.
K) Integration of curves from (J). No significant differences by one-way ANOVA. Mean + SE.

(
(
(L) Immunoblot of ATC7L cells after 1-h ACTH treatment.
(

M and N) Quantification of (K). Phospho-CREB signal divided by total CREB (M) and phospho-RIIp signal divided by total RIIp (N). Mean + SE. *p < 0.05,

**p < 0.01, **p < 0.001, one-way ANOVA with Holm-Sidak correction; n = 2 full dosage curves.

(O) Two-hour corticosterone production of ATC7L cells with no peptide (gray), stearated Ht31 (25 uM; filled orange) or proline-mutated stearated Ht31 (25 uM;
open orange). Quantification normalizes hormone production after 2 uM Sp-5,6-DCI-cBIMPS/6 uM 6-Bnz-cAMP treatment to no analog treatment. Mean + SE.
*p < 0.05, one-way ANOVA with Holm-Sidak correction; n = 4. See also Figure S4.
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signaling (De Meyts, 2000). Hence, we hypothesized that PKAc
variants could impact ERK signaling to drive proliferation of
Cushing’s adenomas. Additional motivation to pursue this
postulate was provided by NetworKIN analysis showing that
PKAc-L205R and W196R phosphoproximitomes were enriched
with substrates for mitogen activated kinases (Figures 6E and
6F) (Horn et al., 2014).

Immunoblot detection of phospho-ERK in lysates from ATC7L
adrenal cells served as an index to test if Cushing’s PKAc
variants impact mitogen activated signaling. Although phos-
pho-ERK levels were similar in WT and PKAc-L205R, the phos-
pho-ERK signal was elevated in the W196R condition (Figure 6G,
top). Densiometric analyses of data from independent experi-
ments supported this unanticipated result (Figure 6H, magenta;
n = 4). Immunoblot detection of total ERK confirmed equivalent
levels of this kinase in all experimental conditions (Figure 6G,
upper middle). Supplemental studies revealed that fusion of
PKAc-W196R to RIl returned phospho-ERK levels to baseline
(Figure S5B, top, lane 6). Fusion of native PKAc or L205R to Rll
had no effect (Figure S5B, lanes 4 and 5).

As previously stated, phospho-ERK levels were unchanged
in adrenal cells expressing PKAc-L205R (Figure 6H). This
suggested that the RAF-MEK-ERK kinase cascade is not
engaged by this Cushing’s variant. Upon further scrutiny of pro-
teomic screens, we noted that discs large homolog 5 (DLG5) is
enriched only in the PKAc-L205R condition (Figure 2C, blue,
and 6A, blue). Three DLG5 phosphopeptides were identified
including the consensus PKA site (R-R-L-S) at residues
1663-1666 (Figures 6B and S5C). DLGS5 is a scaffolding protein
that coordinates Hippo signaling, an evolutionarily conserved
enzyme cascade that impinges on YAP/TAZ transcription factors
to control cell survival and proliferation (Kwan et al., 2016; Yu and
Guan, 2013). Immunoblot analysis detected upregulation of TAZ
in ATC7L cells expressing PKAc-L205R (Figure 61, lane 2, and 6J,
blue). Additional studies demonstrated that fusion of
PKAc-L205R to RIl returned TAZ expression back to baseline
(Figure S5D). Neither effect was observed in cells expressing
PKAc-W196R (Figure 61, lane 3, and 6J, red, and Figure S5D).
Remarkably, these structurally alike Cushing’s PKAc variants
appear to potentiate distinct downstream mitogenic-signaling
pathways.

In vivo and clinical studies of Cushing’s PKAc mutants

It was imperative to investigate this concept in vivo. C57BL/6
mice harboring a conditional allele of PKAca-W196R were
crossed to an adrenal cortex-specific AS-Cre line (Figure 7A)
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(Freedman et al., 2013; Niswender et al., 2005). This yielded adult
mice heterozygous for the PKA-W196R Cushing’s mutation in
adrenal zona fasciculata (Figure 7B). These animals exhibited
pathological features of adrenal Cushing’s syndrome. Female
heterozygote PKAC"TW1%R mice displayed a 6.2 + 2.0 g
(SEM, n = 3) increase in body weight compared with littermate
controls (n = 5; Figure 7C). Differences in weight were not de-
tected in male mice (Figure S6A). Adrenal glands were larger in
both sexes of PKACWTW1%R mijce, with a 1.57 + 0.09-fold in-
crease (SEM, n = 6) in protein content versus littermate controls
(n = 9; Figures 7D-7F). Endocrine hallmarks of Cushing’s
syndrome include elevated cortisol that triggers a negative-feed-
back response to block ACTH release from the pituitary
(Figure 7G). Enzyme-linked immunosorbent assays measured
a 1.61 = 0.19-fold increase (SEM, n = 6) in the murine stress
hormone corticosterone in serum from PKAc"WTW1%R mice
compared with littermate controls (n = 9; Figure 7G). Serum
ACTH levels were reduced by 76% + 17 SEM in the same cohort
of animals (Figure 7I).

Tissue-specific expression of a PKAc-W196R allele correlates
with adrenal hyperplasia (Figures 7D and 7E). Therefore, immu-
noblot detection of phospho-ERK in adrenal lysates from sibling
pairs examined whether enhanced cell proliferation involves
mobilization of the ERK-signaling cascade. Phospho-ERK sig-
nals were elevated 2.6 + 0.6-fold in both sexes of
PKACWTW19R mice compared with littermate controls (Figure 7J,
top, lanes 2 and 4, and Figure S7B). Total ERK levels were similar
in both phenotypes and both sexes (Figure 7J, upper middle).
Conversely, immunoblot detection of the Hippo-signaling ele-
ments YAP1 and TAZ was reduced 0.56 + 0.14-fold and 0.55 +
0.18-fold, respectively, in PKACWVTW19R mice (Figure 7J, lower
middle, and Figures S7C and S7D). Thus, our in vivo profiling
establishes that the PKACVTW195R mouse model recapitulates
pathological features of Cushing’s syndrome, and adrenal
expression of a single PKAc-W196R allele enhances ERK
signaling.

Finally, we investigated defective signaling mechanisms in
tissue from Cushing’s patients. Paraffin-embedded sections of
adrenal adenoma were stained for PKAc (green) and nuclei
(magenta) (Figures 7K and 7L). High-resolution imaging of
normal adrenal tissue revealed accumulation of the native kinase
at cell-cell junctions (Figure 7K, green). This highly organized
pattern of PKAc localization was most evident at higher magnifi-
cations (Figure 7K, bottom). In contrast, PKAc staining was
markedly different in sections of Cushing’s adenoma, displaying
a diffuse cytoplasmic distribution (Figure 7L, green). Similar

Figure 5. Tethering Cushing’s mutants restores normal stress hormone production

(A) Model of PKAc Cushing’s mutant displaced from AKAPs.
(
(
(
(

type Il AKAPs. Represents three replicates.

B) Our strategy to tether active kinase mutants to AKAPs by fusing RIl with PKAc-L205R or W196R.

C) U20S cells expressing AKAP79 (green) along with a self-cleaving RII-P2A-PKAc-V5 (PKAc in magenta). Scale bar, 10 um.

D) Same as (C) but with fused constructs of RII-PKAc (magenta). Scale bar, 10 um.

E) Western blots evaluating AKAP association after immunoprecipitating P2A (lanes 1-3) or fusion (lanes 4-6) constructs of PKAc. RIl overlay detects multiple

(F) Immunoblot of ATC7L lysates. P2A constructs, lanes 1-3; fused RII-PKAc, lanes 4-6. Represents three replicates.
(G) Corticosterone measurements from ATC7L cells expressing separate or fused RIl and PKAc variants. Mean + SE. **p < 0.001 versus WT, ##p < 0.01 versus

W196R unfused condition. One-way ANOVA with Sidak correction; n = 3.

(H) Cortisol measurements from H295R cells expressing separate or fused Rll and PKAc. Mean + SE. ***p < 0.0001 versus WT, ####p < 0.0001 versus W196R
unfused condition. One-way ANOVA with Sidak correction; n = 3. See also Figure S5.

Cell Reports 40, 111073, July 12,2022 11



antoinemartinez
Texte surligné 

antoinemartinez
Texte surligné 

antoinemartinez
Texte surligné 

antoinemartinez
Texte surligné 

antoinemartinez
Texte surligné 

antoinemartinez
Texte surligné 


¢? CellPress

OPEN ACCESS

Cell Reports

A
O
\ ,_. J\Q
PKAc-L205R

' LECRN &

¢ —> — >

Digest Phosphopeptide
biotinylated NQ-\/ enrichment \Q
proteins ,@

PKAC-W196R o /b

B L205R proximity phosphoproteomics C W196R proximity phosphoproteomics
g - Depleted Enriched g - Depleted Enriched
7 - : 7 =
6 - 6 -
T .SRRM2 —
2 ZNF638* ! .
2 5+ . AKAP220 AT ERE Y2, SNRNP2T o120
s : S RSRC2: - g
e 47 - IRS2+ e 47 . oo
S 3 ARHGAP21 KNS S 3 AKAP-I‘:%\ orb CDK13
AKAP-Lbc: RS2’ DLG5 g . - L
8 24 AKAPdben & .l SRS P ma g 24 H1S, =, & o AKAPLbe. " wopkis
' PA se s adeniaer.i CDKIZ - AKAP220 ¢ 57 “SNIP1
1= r «.: .'\' & c . 1= -,
0 1 1 1 1 1 MI 1 1 1 1 1 0 I I I I
7 6 5 -4 -3 2101 2 3 45 6 7 7 6 54 -3 -2 10 1
log,(fold change) logy(fold change)
D Enriched E L205R F W196R B Basophilic
3 Proline-directed
Il CKs
I Other
CDK13
EIF4G1
IRS2
LBR
MAPT
RBM15
G ATCTL H  Phospho-ERK | ATCT7L J TAZ
s *%
& o Fkk & &
é\ @$\ 2.0 B\ 2.0 - Fkk
A%
50 kDa- 2 e RN r
— — — s S
37 kDa. = == = PERK1/2 é 15 50 kDo o TAZ g 15
50 kDa- X é
—_ w =
37 kDa- ERK1/2 > 1.0 7 37kDal =" |PKAc 2 1.0 R
] c
H ]
TkDa-t PKAc _é Ponceau £
— S 051 n=4 N 057 n=5
37 kDa- Y [ b
© =" Ponceau w 1 2 3
= = e
1 2 3 0-0'6\ - 0.0-4(\ s
& & & L
SRR NI
F& VAR

12 Cell Reports 40, 111073, July 12, 2022

(legend on next page)



Cell Reports

patterns of PKAc mislocalization were observed in multiple
Cushing’s patients (Figures S6E and S6F). Immunofluorescence
detection of phospho-ERK evaluated the activation status of
ERK kinase in adjacent and adenoma tissue sections
(Figures 7M and 7N). Analyses of 10 images from each patient
revealed a 1.55 + 0.14-fold (SEM) increase in phospho-ERK (Fig-
ure 70). Total ERK levels were also elevated (Figure 7P). Interest-
ingly, immunoblots showed a marked upregulation of both YAP1
and TAZ in adenoma versus adjacent tissue (Figure 7Q). These
patient studies corroborate our model of mislocalized PKA
catalytic subunits and altered downstream signaling in adrenal
Cushing’ syndrome.

DISCUSSION

We have discovered fascinating new insights about the molecu-
lar pathology of adrenal Cushing’s syndrome. The PKAc-L205R
and W196R variants display different physiochemical properties,
are differentially compartmentalized, and engage distinct down-
stream signaling pathways. At first glance, the PKAc-L205R and
PKAc-W196R variants appear virtually identical. Both disease-
causing mutations occur within the same exon of the PRKACA
gene and promote amino acid changes only nine residues apart.
However, protein melting curves in Figure 3C indicate that both
Cushing’s kinases are more susceptible to temperature-depen-
dent unfolding than native PKAc. Thermal instability of PKAc-
L205R or W196R could play a part in the etiology of Cushing’s,
since factors that influence protein folding and degradation
have been implicated in other PKA pathologies (Rinaldi et al.,
2019; Turnham et al., 2019). Likewise, phosphorylation of the
catalytic core contributes to the stability, maturation, and activity
of AGC kinases (Baffi et al., 2021; Newton, 2003). The V600E
phosphomimetic mutation in BRAF, a common oncogenic driver
in melanoma, dramatically elevates basal kinase activity (Davies
et al., 2002; Holderfield et al., 2014). Similarly, multisite phos-
phorylation of PKC is necessary for a fully mature kinase (Van
et al., 2021). As indicated in Figures 1E and S3A, PKAc-L205R
has a faster electrophoretic mobility than its counterparts, which
is a hallmark of reduced phosphate incorporation. Quantitative
mass spectroscopy data in Figure 3B provides compelling proof
of this phenomenon. Whereas the native kinase is fully phos-
phorylated on 11 sites, the L205R variant is almost totally devoid
of phosphate. Accordingly, PKAc-L205R displays a 20-fold
lower rate of catalysis toward conventional in vitro substrates.
This could explain why PKAc-L205R induces lower levels of
cortisol production than the PKAc-W196R form. Thus, subtle
changes in physiochemical properties of the kinase catalytic
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core can be amplified by environmental factors into more pro-
found effects on PKA physiology.

A key discovery of this report is that cortisol overproduction is
a consequence of the exclusion of mutant kinases from AKAP
signaling islands. This is suggested by three lines of evidence.
First, live-cell imaging data in Figure 1K show that the PKAc-
L205R and W196R variants have greater intracellular mobility
than the native kinase. Analyses of tissue sections from Cush-
ing’s syndrome patients in Figures 7K and 7L consolidate this
finding by demonstrating a dramatic mislocalization of PKAc in
resected Cushing’s adenomas. Second, quantitative proteomic
screening of the PKAc-L205R and PKAc-W196R proximitomes
in Figure 2 reveal that both Cushing’s variants have reduced
interaction with AKAPs. Third, pharmacological studies with
cAMP analogs in Figure 4 demonstrate that release of native
PKAc from AKAPSs, but not activation alone, enhances stress
hormone production. These results converge on the notion that
incorrect subcellular targeting of PKAc contributes to hyperse-
cretion of cortisol. This new model is substantiated by rescue
experiments in Figure 5, wherein sequestration of Cushing’s
variants within AKAP signaling islands restores stress hormone
production back to baseline levels. Hence, while it is accepted
that localization of PKAc governs its biological action, our find-
ings now show that chronic mislocalization of this kinase is a
pathological driver of Cushing’s syndrome.

An additional contribution of this study is a mouse model for
PKAc-driven adrenal Cushing’s syndrome. The phenotypic char-
acterization of our adrenal-specific PKAc-W196R mice not only
uncovers remarkable parallels to the human endocrine disorder
but also illustrates how a point mutation in a single allele of
PRKACA is sufficient to cause this debilitating disease. Interest-
ingly, female mice exhibit more pronounced indicators of Cush-
ing’s, including a 20% increase in weight. This mirrors the clinical
state, where adrenal Cushing’s syndrome occurs up to five times
more often in women (Di Dalmazi et al., 2014). Such sexual
dimorphism in mice could result from more comprehensive
AS-Cre expression in the zona fasciculata of females, due to
higher rates of adrenocortical cell turnover (Dumontet et al.,
2018). Consequently, our mouse model creates a valuable new
tool for future in vivo, sex-based, and therapeutic studies on
Cushing’s syndrome.

Aberrant phosphorylation events that ensue upon mislocaliza-
tion of active Cushing’s kinases are the most likely drivers of this
pathology. Modification to substrate selectivity via mutations to
the substrate recognition loop of the kinase may be a pathological
factor. The potential for altered substrate interactions was origi-
nally shown by Lubner et al. using yeast (Lubner et al., 2017).

Figure 6. Proximity phosphoproteomic analyses reveal disruption of ERK and Hippo signaling

(A) Locally biotinylated proteins are isolated, digested, and subjected to phosphoenrichment.

(B and C) Proximity phosphoproteomics of PKAc-miniTurbo-biotinylated H295R samples from L205R (B) and W196R (C) versus WT. Phosphopeptides depleted
in the mutant conditions, black; enriched phosphopeptides, blue (L205R) or red (W196R).

(D) Venn diagram of significantly enriched phosphopeptides identified in mutant conditions.

(
(G) Immunobilot of ATC7L cells expressing PKAc variants.
(
(

1) Immunoblot of ATC7L cells expressing PKAc variants.

E and F) NetworKIN kinase prediction for phosphosites enriched in L205R (E) and W196R (F) conditions.

H) Quantitation of (G). Mean + SE. ***p < 0.001, one-way ANOVA with Sidak correction; n = 4.

(J) Quantitation of (I). Mean + SE. **p < 0.001, **p < 0.01, one-way ANOVA with Sidak correction; n = 5. See also Figure S6.
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(G) Negative feedback mechanism wherein stress hormone downregulates ACTH.
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Since then, a pair of studies has demonstrated that L205R im-
pacts the kinase’s substrate preference toward targets with a
negative charge at the P+1,2,3 sites (Bathon et al., 2019; Walker
et al., 2019). In addition, the phosphorylation of atypical sub-
strates would be favored by changes in the spatial distribution
of mutant kinases as detailed in this report. One interesting
observation from our proximity phosphoproteomic screening
presented in Figure 6 is the upregulation of histone H1.4 in the
L205R condition. This corroborates an earlier report of nuclear
H1.4 hyperphosphorylation in Cushing’s (Bathon et al., 2019).
Thus, changes in the intracellular pattern of phosphorylation
events can be linked to the action of distinct Cushing’s PKAc
variants.

Another interesting feature of the proximity phosphoproteo-
mics and cell-based validation in Figure 6 is the evidence of up-
regulated ERK activity in adrenal cells expressing PKAc-W196R.
This effect was also seen in Figure 7, both in mice harboring an
adrenal-specific knockin of PKAc-W196R and in Cushing’s
syndrome patient adenomas. Indirect support for this finding
comes from recent evidence that the MEK inhibitor PD184352
reduces basal cortisol production from H295R cells (Pereira
et al., 2019). Furthermore, AKAP-Lbc, a prevalent AKAP identi-
fied in our proteomic experiments, is a known regulator of
MAP kinase signaling (Smith et al., 2010). This tallies with recent
whole-exome sequencing of a Cushing’s syndrome patient that
identified an allele of AKAP-Lbc fused to the phosphodiesterase
PDE8A (Di Dalmazi et al., 2020). At the molecular level, this
chimeric protein could efficiently terminate local PKA signaling
by metabolizing cAMP within AKAP-Lbc signaling islands.

Perhaps one of the most unexpected findings of this report is
that signals emanating from PKAc-L205R are markedly different
than cellular events downstream of PKAc-W196R. As indicated
in Figure 6J, this Cushing’s mutant does not potentiate MAP
kinases but instead regulates the Hippo pathway, an evolution-
arily conserved signaling cascade that controls organ size and
development (Yu and Guan, 2013). Analyses of Cushing’s
patient adenomas confirmed this finding, showing a strong in-
crease in both YAP1 and TAZ levels in the tumor. Intriguingly,
data in Figure 7d show that PKAc-W196R downregulates
YAP/TAZ levels in our mouse model, suggesting possible cross-
talk between different pathways. This could proceed through
increased ERK activation in these mice, as a recent clinical study
reported an inverse correlation between ERK1 and YAP1 levels
in breast cancer patients (Yu et al., 2019). Although we have
discovered differences between both PKAc mutants studied
here, theirimpact in adrenal Cushing’s syndrome remains poorly
understood. Although the mutation is less prevalent, our data
consistently show that PKAc-W196R causes more cortisol pro-
duction than PKAc-L205R. This is accompanied by higher levels
of the steroidogenic protein StAR, as shown in Figure 5F. Like-
wise, phospho-ERK levels are elevated in PKACWTW19R mice,
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which is consistent with evidence of adrenal hyperplasia in these
animals. Such pathological disparities imply that patients car-
rying a mutation at position 196 in PKAc may experience a
more advanced form of the disease. In conclusion, we have
discovered that adrenal Cushing’s syndrome is a disease of
aberrant kinase location and that point mutations in the same
subdomain of the PKAc catalytic core manifest distinct
pathological signaling outputs.

Limitations of the study

Both NCI-H295R and ATC7L cells were derived from tumors and
do not fully represent adrenal cell physiology. Although we
demonstrate substantial impairment of in vitro PKAc-L205R ac-
tivity, how this mutant impacts in vivo signaling is less clear and
likely affected by environmental factors such as the action of
other kinases. Substrate rewiring caused by active site muta-
tions of PKAc may impact catalytic activity using the canonical
PKA substrate Kemptide. Future studies with other PKA sub-
strates would expand this work. The biophysical mechanisms
of cAMP analogs are not fully understood. These compounds
may have unrecognized effects on ACTH signaling through
native PKAc. Finally, StAR levels and stress hormone production
show that PKAc-W196R displays a more severe phenotype than
PKAc-L205R. This observation would benefit from direct com-
parison with an L205R mouse model or with tissue samples
from W196R patients.
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H and I) Serum corticosterone (H) and ACTH (1) levels from male (triangles) and female (circles) mice. “*p < 0.01 and ***p < 0.001 by Welch’s t test. Mean + SE.
J) Immunoblot of adrenal gland lysates from female (lanes 1 and 2) and male (lanes 3 and 4) littermate mice.

(K'and L) Resected tissue from a Cushing’s patient. PKAc (green) and DAPI (magenta) were stained in normal adjacent adrenal tissue (K) and adenoma (L).
(M and N) Immunostaining for ERK (magenta) and phospho-ERK (green) in adjacent adrenal gland (M) and adenoma (N) of a Cushing’s patient. Scale bar, 20 pm.
(O and P) Quantitation of fluorescence for phospho-ERK (O) and total ERK (P). Ten images each per condition from two patients. Mean + SE.

(Q) Immunoblot detecting YAP1 and TAZ levels in normal adrenal and adenoma from a Cushing’s patient. Represents two patients. See also Figure S7.
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https://kinomexplorer.info/

N/A
N/A
N/A
N/A
N/A
N/A
N/A

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, John D.

Scott (scottjdw@uw.edu).

Materials availability

Plasmids and cell lines generated for this study are available upon request.

Data and code availability

The autophosphorylation mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the
PRIDE partner repository with the dataset identifier PXD030888 and https://doi.org/10.6019/PXD030888. The proximity bio-
tinylation mass spectrometry proteomics data have been deposited to MassIVE with the identifier MSV000088654, ftp://
massive.ucsd.edu/MSV000088654/. These mass spectrometry datasets and identifiers are also listed in the key resources table.
All data reported in this paper will be shared by the lead contact upon request.

This paper does not report original code.

Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice

The PKA-CaR (W196R conditional knock-in) mice (Niswender et al., 2005) were made by Stanley McKnight (U Washington) and gifted
to us by Diwakar Pattabiraman (Dartmouth). These mice carry a PRKACA allele encoding the W196R variant in a Cre-dependent
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manner. To make adrenal cortex-specific mutant mice, we crossed these to AS-Cre mice (Freedman et al., 2013), which were a
gift from David Breault. Adult (11-13 month) mice of both sexes were used for our studies. PKA-CaR mice were maintained on a
C57BL/6J background. AS-Cre mice were backcrossed to C57BL/6J a minimum of three times and all experiments used randomly
assigned littermates as controls. Control mice included fully WT and singly heterozygous littermates for either floxed W196R or AS-
Cre. Mice were housed in groups of 2 or more with littermates of the same sex until the night before the procedure. To minimize stress
responses, mice were singly housed the night before the procedure and cages were left on racks until euthanasia. On the day of the
procedure, mice were quickly moved to a separate room and immediately euthanized by isoflurane and cervical dislocation. Weight
was then measured and blood was taken by cardiac puncture and kept on ice until all samples were collected. Blood was allowed to
clot at room temperature for 1 h. Adrenal glands were dissected from acutely euthanized mice and frozen on dry ice for immunoblot
analysis. All mice were cared for and euthanized in accordance with University of Washington regulatory standards and approved
IACUC protocols.

Human tissue

De-identified, formalin-fixed, paraffin-embedded human adrenal cortical adenoma samples were obtained from the UW Northwest
Biospecimen resource. Patient age and sex were not provided. Adrenal tissue for immunostaining was formalin fixed and paraffin
embedded. Samples were deparaffinized by placing slides in 100% xylenes once for ten minutes and once for five minutes. Samples
were then rehydrated by placing slides in 100% ethanol twice for ten minutes each, followed by 95% ethanol for ten minutes, 80%
ethanol for ten minutes, and deionized water two times for five minutes each. Antigen retrieval was performed by placing slides in a
chamber with pre-boiled 10 mM sodium citrate buffer (pH6.0). The chamber was then placed inside of a vegetable steamer for one
hour. Slides were placed under cold running water for ten minutes before permeabilization in 0.4% Triton X-100/PBS for 7 min. Block-
ing was carried out in 5% BSA and 10% donkey serum in PBST (containing 0.05% Tween) for two hours at room temperature. For
immunofluorescence, slides were incubated with primary antibodies in 5% BSA in PBST overnight at 4°C. Cells were washed 3x in
PBST for ten minutes each and incubated with Alexa Fluor conjugated secondary antibodies and DAPI in 3% BSA in PBST for 1 h at
room temperature. Slides were then washed six times for ten minutes each in PBST. Samples were mounted on glass slides using
ProLongTM Diamond anti-fade mountant (Thermo Fisher) and cured overnight. Images were acquired using a Leica DMI6000B in-
verted microscope with a spinning disk confocal head (Yokagawa) and a CoolSnap HQ camera (Photometrics) controlled by
MetaMorph 7.6.4 (Molecular Devices). Tissue for immunoblotting was processed using Qproteome FFPE Tissue (Qiagen 37,623).

Cell lines

All mammalian cells were grown under 37°C, 5% CO, incubation conditions. Female NCI-H295R cells were purchased from ATCC
September 2019 (CVCL_0458) and were maintained in ATCC DMEM:F12 medium containing 2.5% Corning NuSerum | and 1% Corn-
ing ITS + supplement. Female U20S CRISPR PRKACA—/— cells (Smith et al., 2017) were maintained in DMEM medium with 10%
fetal bovine serum. Male ATC7L cells (Ragazzon et al., 2006) were maintained in Gibco DMEM:F12 with added 5 mL L-Glutamine
(200 mM) and 5 mL Gibco ITS supplement. Virus was produced in female HEK293T cells purchased from Dharmacon in 2015
and grown in DMEM medium with 10% fetal bovine serum.

Microbe strains

All purified proteins were produced in BL21 (DE3) pLysS E. coli cells (Novagen) and expression induced with 0.5 mM IPTG for 18 h at
18°C. Ampilification of non-viral mammalian expression plasmids was performed in GC10 competent cells (Genesee) and grown at
37°C. Amplification of viral vectors was performed in either StbI3 (Invitrogen) or Stable (NEB) competent cells and grown at 30°C.

METHOD DETAILS

Structural models
Models of PKA catalytic subunit in Figures 1B and 3B were made using PYMOL database file 3 (Zhang et al., 2012).

Antibodies

The following antibodies were used in our studies: PKAc BD 610981 (IF, WB); PKA Rlla. BD 612243 (WB); GFP Rockland 600-101-215
(IF, IP, WB); AKAP79 custom V089 (WB); PKA RIB Santa Cruz sc-907 (WB); V5-tag Thermo Fisher R96025 (IF, IP); phospho-CREB/
phospho-ATF1 CST 9198 (IF, WB); CREB CST 9104 (IF, WB); phospho-PKA Substrate CST 9624 (WB); NeutrAvidin-HRP Pierce
31,030 (WB); StAR CST 8449 (WB); phospho-RIIB Santa Cruz sc-136460 (WB); RII BD 610626; phospho-ERK1/2 CST 9101
(IF, WB); ERK1/2 CST 9102 (WB); pan ERK BD 610123 (IF); YAP/TAZ CST 8418.

Plasmid generation

Specific plasmids are listed in the key resources table. Standard cloning was performed using PCR (36.2 uL ddH20, 10 uL 5x HF
Phusion buffer (NEB), 1 uL of 10 mM mixed dNTPs, 1.5 uL combined primers at 10 uM each, 1 pL template DNA at 5 ng/pL, and
0.3 pL Hot-Start Phusion polymerase (NEB)) in a Bio-Rad thermocycler. Thermocycling protocols varied depending on primer con-
ditions and length of target region. For mutagenesis protocols, Dpnl restriction enzyme and polynucleotide kinase were used (NEB).

e4 Cell Reports 40, 111073, July 12, 2022



Cell Reports ¢? CellPress

Some constructs were made using Gateway cloning system (Thermo Fisher). Ligation was performed with T4 DNA ligase (NEB) for
10-20 min at RT using manufacturer’s recommendations. Transformation into competent DNA (see Microbe strains above) was
performed on ice for 15-30 min before heat shock for 30 s at 37°C.

Immunoprecipitations

Cell lysates were made using lysis buffer containing 1% Triton X-100, 130 mM NaCl, 20 mM NaF, 2 mM EDTA, and 50 mM Tris pH 7.5
(at 4°C) along with 1 mM AEBSF, 10 uM leupeptin, and 1 mM benzamidine. Lysates were incubated 5 min on ice and spun at 15,000xg
for 8 min at 4°C. Protein concentration was measured by BCA (Thermo Scientific) and adjusted to 1 mg/mL using lysis buffer. Sam-
ples (300-500 pL) were precleared by rotating with 20 pL protein G agarose for 30 min at 4°C. Supernatants were then incubated with
1-2 ug of the appropriate antibody overnight. In the morning, 30 pL of protein G agarose was added and samples were returned to
rotation for 1 h. Beads were washed with lysis buffer and centrifuged at 5000xg 3 times, and then aspirated with a 27G needle before
resuspending in 1x PAGE sample buffer (3% B-mercaptoethanol, final) and heating at 80°C for 10 min. Figures are representative for
at least 3 experimental replicates.

Immunoblotting

Cell lysates were made using RIPA lysis buffer (1% NP-40 Tergitol, 0.5% deoxycholate, 0.1% SDS, 130 mM NaCl, 20 mM NaF, 2 mM
EDTA, and 20 mM Tris pH 7.5 (at 4°C) along with 1 mM AEBSF, 10 uM leupeptin, and 1 mM benzamidine). Mouse adrenal protein
extracts were made by homogenizing whole glands in RIPA buffer. For experiments to detect S/T phosphoproteins, 10 mM beta
glycerophosphate was added. Samples were incubated 5 min on ice and spun at 15,000xg for 8 min at 4°C. Protein concentration
was measured by BCA (Thermo Scientific). Gels were loaded with 10-30 pg protein after heating for 10 min at 80°C with PAGE sample
buffer containing 3% (final) B-mercaptoethanol. Proteins were transferred to nitrocellulose or PDVF, incubated with ponceau S to
measure total protein loading, blocked in 5% milk TBST for 30 min at RT, and probed with antibodies in 5% BSA TBST overnight
at 4°C. Membranes were washed 3 times in TBST and then incubated with secondary antibodies conjugated to HRP diluted in
5% milk TBST for 1 h at RT. After washing again 3x in TBST, signals were visualized with SuperSignal West Pico Chemiluminescent
Substrate (Thermo Fisher) on an Invitrogen iBright Imaging System. Quantification was performed with Imaged analysis software by
measuring signal minus background for each band and dividing by the appropriate control signal, as indicated in each figure.

Hormone measurements

Cells were washed once in PBS and media was changed prior to harvest (1-2 h, as indicated for each experiment). Harvested media
samples were either used immediately or snap frozen until assayed. Mouse serum was extracted by centrifugation (2,000xg) of
clotted blood samples. To assay, samples were diluted and subjected to measurement using Enzo Cortisol or Corticosterone
ELISA kit, or an Abcam ACTH ELISA kit. Values were determined using an absorbance plate-reader and subsequent curve fit
analysis. All experiments were normalized to control levels within replicates or same-sex mouse litters.

Photoactivation microscopy

NCI-H295R cells were grown in glass bottom dishes and transfected using Lipofectamine 3000 48 h before imaging. Mammalian
expression plasmids with CMV promoters and encoding AKAP79-YFP, smAKAP-GFP, Rlla-iRFP, Rla-iRFP, and either WT,
L205R, or W196R tagged with photoactivatable mCherry were used. Imaging was performed using a GE OMX SR system. Exposure
and laser intensity were optimized for each experimental replicate and held constant among experimental conditions. Photoactiva-
tion laser duration was kept under 50 milliseconds to activate a discrete area with minimal spread in the first image collected after
activation. Images were collected at 2 Hz in 3 channels. A baseline of 4 images was taken prior to activation of the PKAc fluorophore.
Cells were selected forimaging only when R-iRFP signal was colocalized with the AKAP. Secondary screening for this was performed
posthoc. Timecourses were measured using Imaged analysis software (FIJI). A localization index (intensity of the activated region
divided by intensity of cytosolic region 6-8 um distal) was used to interrogate change in fluorescent signal localization over time
(mobility). For representative images, deconvolution and alignment of green and far-red channels were performed using OMX
software.

Proximity biotinylation and sample prep for MS

Stable NCI-H295R adrenal cell lines were made using lentivirus encoding a tetracycline-responsive promoter and variants of PKAc
tagged with V5 and miniTurbo biotin ligase at the c-terminus. Induction with doxycycline (0.5-1 ug/mL) was optimized to yield a subtle
overexpression of the bait constructs at 20% of endogenous PKAc levels, as determined by PKAc immunoblotting and quantification
using Imaged. miniTurbo-tagged variant expression was induced for 48 h before application of 50 uM biotin in DMSO. Cells were
incubated for 1 h at 37°C, washed 2x for 1 min using 10 mL PBS to deplete excess biotin, and then lysed using RIPA buffer (as
described above). Protein concentrations were measured by BCA and samples were diluted to 1 mL of 0.5 mg/mL in RIPA buffer
and placed in low protein binding tubes (Thermo Fisher) containing 25 pL of Nanolink magnetic streptavidin beads. Tubes were
rotated 1 h at RT and placed on a magnet. Supernatant was saved for diagnostics and samples were washed in RIPA 2x, 2 M
urea in 20 mM Tris 2x, and 25 mM Tris 2x. For normal mass spec analysis, samples were resuspended in 8 M urea in 100 mM
Tris pH 8.5 with 5 mM tris(2-carboxyethyl)phosphine hydrochloride (TCEP) and 10 mM chloroacetamide (CAM) and then incubated
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at 37°C for 1 h. For phosphopeptide mass spec analysis, samples were resuspended in 20% trifluoroethanol 25 mM Tris pH 7.8 with
5mM TCEP and 10 mM CAM and incubated at 95°C for 5 min. For digestion, samples were diluted 2-fold with 100 mM TEAB and 1 pg
LysC was added before incubation for 2 h shaking at 37°C. Samples were again diluted with 100 mM TEAB and 1 ug Trypsin was
added before incubation overnight shaking at 37°C. In the morning, normal mass spec samples were acidified to 1% formic acid
and loaded on C18 StageTips. Samples for phosphoproteomics were subjected to phosphopeptide enrichment using a Thermo
Scientific High-Select Fe-NTA Phosphopeptide Enrichment Kit prior to StageTip loading.

LC-MS analysis

Peptides were eluted from StageTips using elution buffer (40% acetonitrile, 1% FA) and then loaded on a self-pulled 360 pm OD x
100 um ID 20 cm column with a 7 um tip packed with 3 pm Reprosil C18 resin (Dr. Maisch, Germany). For pull-down experiment,
peptides were analyzed by nanoLC-MS in a 90 min gradient from 15% to 38% buffer B (for phosphopeptides 6%-35% buffer B)
at 300 nL/min using a Thermo EASY nLC 1200 system (buffer A: 0.1% acetic acid; buffer B: 0.1% acetic acid, 80% acetonitrile).
Mass spectra were collected from an Orbitrap Fusion Lumos Tribrid Mass Spectrometer using the following settings. For MS1,
Orbitrap FTMS (R = 60 ,000 at 200 m/z; m/z 350-1600; 7e5 target; max 20 ms ion injection time); For MS2, Top Speed data-depen-
dent acquisition with 3 s cycle time was used, HCD MS2 spectra were collected using the Orbitrap mass analyzer(R = 30,000 at 200
m/z; 31% CE; 5e4 target; max 100 ms injection time) an intensity filter was set at 2.5e4 and dynamic exclusion for 45 s.

Mass spectrometry data analysis

Mass spectra were searched against the UniProt human reference proteome downloaded on July 06th, 2016 using MaxQuant
v1.6.2.6. Detailed MaxQuant settings: for phosphopeptide analysis, samples were set to fraction 1 and 5 for WT and mutant, respec-
tively, to allow within-group “match between run”; for pull-down, “Label-free quantification” was turned on, but not “match between
run”, no fractionation was set; Trypsin/P was selected in digestion setting. Other settings were kept as default. Protein network
prediction and gene ontology analysis were performed using STRING database version 11.5 and gene ontology enrichment analysis
was performed using The Gene Ontology Resource powered by PANTHER. For phosphoproteomic kinase predictions, NetworKIN
analysis was performed on significantly enriched phosphosites for each mutant. Total probability was summed for each protein
kinase and only the highest-ranking member of each kinase classification was used due to prediction overlap. For pie chart depiction,
the top 15 kinase classification groups were pooled into categories based on recognition sequence characteristics.

Recombinant protein purification

WT, W196R and L205R PKA catalytic (C) subunit, Rlle regulatory subunit, AKAP79 (amino acids 297-427) and PKI were produced in
BL21 (DE3) pLysS E. coli cells (Novagen) and expression induced with 0.5 mM IPTG for 18 h at 18°C and purified as N-terminal His6-
tag or N-terminal His6-GST tag fusion proteins by affinity chromatography and size exclusion chromatography using a HiLoad 16/600
Superdex 200 column (GE Healthcare) equilibrated in 50 mM Tris/HCI, pH 7.4, 100 mM NaCl, 1 mM DTT and 10% (v/v) glycerol.

In vitro pull-down assays

Purified GST-AKAP79(297-427) fusion proteins containing 3C protease cleavage sites were incubated for 3 h with glutathione
Sepharose beads at 4°C in the presence of 2 mM DTT, washed five times in binding buffer (50 mM Tris pH 7.4, 0.1 M NaCl) and
resuspended at a final protein concentration of ~5uM. C-subunit (~16 puM final concentration) and Rlla-subunits (~4 uM final con-
centration) were incubated with AKAP79(297-427) beads in the presence or absence of 1 mM cAMP for 20 min at 30°C with constant
agitation. The supernatant was then removed, and after three washes in binding buffer, complexes were eluted from the beads by
incubation with 250 ng of 3C protease for 30 min at 30°C. Proteins were analyzed by SDS-PAGE on a 12% gel.

Protein kinase assays

PKA kinase assays were performed using a real-time mobility shift-based microfluidic system, as described previously (Byrne et al.,
2016), in the presence of 2 uM of the fluorescent-tagged “Kemptide” substrate (LRRASLG) and 1 mM ATP (as standard). Pressure
and voltage settings were —1.8 (PSI), —2250 V (upstream voltage), and —500 V (downstream voltage) respectively. All assays were
performed in 50 mM HEPES (pH 7.4), 0.015% (v/v) Brij-35, 1 mM DTT and 5 mM MgCl2, and peptide phosphorylation was detected in
real time as the ratio of phosphopeptide:peptide. Changes in PKA activity in the presence of regulatory proteins (PKI and Rlla, as-
sayed at the indicated concentrations) was quantified as the rate of phosphate incorporation into the substrate peptide (pmol phos-
phate - min-1 - uM enzyme-1), and then normalized with respect to control assays. To prevent ATP depletion and consequential loss
of assay linearity, phosphate incorporation into the peptide was generally limited to <20%. ATP KM values were determined by
nonlinear regression analysis using GraphPad Prism software. Unless otherwise specified, PKA WT and W196R mutants were
assayed at a final concentration of 0.3 nM, and PKA L205R was assayed at 6 pM to account for the lower rate of activity.

Differential scanning fluorimetry

Thermal-shift assays were performed using a StepOnePlus Real-Time PCR machine (Life Technologies) using Sypro-Orange dye
(Invitrogen) and thermal ramping (0.3°C in step intervals between 25 and 94°C). PKA proteins were diluted to a final concentration
of 5 uM in 50 mM Tris/HCI, pH 7.4 and 100 mM NaCl in the presence or absence of the indicated concentrations of ATP, PKI or
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staurosporine (final DMSO concentration no higher than 4% v/v) and were assayed as described previously (Byrne et al., 2016).
Normalized data were processed using the Boltzmann equation to generate sigmoidal denaturation curves, and average Tm/ATm
values calculated using GraphPad Prism software.

PKAc autophosphorylation mass spectrometry

Concentrated purified PKA (10 pg) were diluted to 400 pL in 100 mM ammonium bicarbonate pH 8.0 (~60-fold dilution) before being
subject to reduction (with dithiothreitol) and alkylation (with iodoacetamide) as previously described (Ferries et al., 2017). The eluent
was equally divided into two for digestion with either: 33:1 (w/w) trypsin gold (Promega) or 10:1 (w/w) elastase (Promega) at 37°C for
18 h with 600 rpm shaking. Digests were then subject to strong cation exchange using in-house packed stage tip clean-up, as pre-
viously described (Daly et al., 2021). Dried peptides were solubilized in 20 uL of 3% (v/v) acetonitrile and 0.1% (v/v) TFA in water,
sonicated for 10 min, and centrifuged at 13,000 g for 15 min at 4°C before separation and analysis by LC-MS/MS using an Ultimate
3000 nano system (Dionex), over a 60-min gradient, as described in (Ferries et al., 2017). Briefly, samples were loaded at a rate of
12 pl/min onto a trapping column (PepMap100, C18, 300 um x 5 mm) in loading buffer (3% (v/v) acetonitrile, 0.1% (v/v) TFA) before
being resolved on an analytical column (Easy-Spray C18 75 pm x 500 mm, 2 um bead diameter column) using a gradient of 97% A
(0.1% (v/v) formic acid): 3% B (80% (v/v) acetonitrile, 0.1% (v/v) formic acid) to 80% B over 30 min at a flow rate of 300 nL/min. All data
acquisition was performed using a Thermo Orbitrap Fusion Lumos Tribrid mass spectrometer (Thermo Scientific), with higher-energy
C-trap dissociation (HCD) fragmentation set at 32% normalized collision energy for 2 + to 5 + charge states using a 3 s cycle time.
MS1 spectra were acquired in the Orbitrap (120K resolution at 200 m/z) over a range of 350-1400 m/z, AGC target = standard,
maximum injection time = auto, with an intensity threshold for fragmentation of 2e4. MS2 spectra were acquired in the Orbitrap
(30K resolution at 200 m/z), AGC target = standard, maximum injection time = dynamic. A dynamic exclusion window of 20 s was
applied at a 10 ppm mass tolerance. Data was analyzed by Proteome Discoverer 1.4 using a custom database of the Uniprot
Escherichia coli proteome (updated January 2021) supplemented with the His-tagged mouse PKA protein and relevant mutants,
searched with fixed modification = carbamidomethylation (C), variable modifications = oxidation (M) and phospho (S/T/Y), instrument
type = electrospray ionization-Fourier-transform ion cyclotron resonance (ESI-FTICR), MS1 mass tolerance = 10 ppm, MS2 mass
tolerance = 0.01 Da, and the ptmRS node on; set to a score >99.0. For label free relative quantification of phosphopeptide
abundances in the different forms of PKA, the area under the curve of extracted ion chromatograms (in Xcalibur, Qual browser) of
the phosphopeptide ions were normalized against 5 non-modified peptides to account for potential protein load variability during
analysis.

Immunofluorescent staining

Cells were plated on acid-washed coverslips and either transfected with plasmids (using Lipofectamine 3000 or Mirus) or infected
with PKAc variant lentivirus 48 h before harvest. Cells were fixed in 4% PFA for 15 min at RT and washed 3x in PBS. Coverslips
were moved to humidity chamber and blocked for 1 h at RT in 3% BSA, 0.3% Triton X-100. Primary antibodies were diluted in
blocking solution and applied to coverslips overnight at 4°C. Coverslips were washed 3x with PBS, incubated with fluorescent
secondaries (1:1000) and DAPI (~1:10,000), and washed 3x in PBS again before mounting. Images were taken on either a Keyence
BZ-X710 microscope or a GE Healthcare OMX and processed/analyzed using Imaged analysis software (FIJI).

Pharmacology

For stress hormone measurements and acute immunoblots, drugs were applied to cells for a 10 min preincubation before washing
and exchanging for fresh media and drugs for a 1 or 1.5 h incubation at 37°C. Media was then harvested and cells were lysed in RIPA
buffer (see Immunoblotting above). For photoactivation experiments, drugs were applied to cells in glass bottom dishes ten minutes
before the start of imaging. Sample use was limited to one hour after drug application to minimize variation among imaged cells.
St-Ht31 experiments were performed similarly, but with a 2 h incubation and omission of the pre-incubation.

QUANTIFICATION AND STATISTICAL ANALYSES

Data quantification and statistical analyses were performed with GraphPad Prism 9 for Mac as indicated in each figure legend. All
data are presented with individual values displayed when possible along with mean + SEM unless otherwise noted in the figure
legend. Individual figure legends contain specific information on statistical parameters. Experiments involving more than three
conditions used 1-way ANOVA with subsequent t-tests corrected for multiple comparisons. Specific statistical approaches
were determined based on the distributions and parameters for each dataset.
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