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SUMMARY

The fidelity of intracellular signaling hinges on the organization of dynamic activity architectures. Spatial
compartmentation was first proposed over 30 years ago to explain how diverse G protein-coupled receptors
achieve specificity despite converging on a ubiquitous messenger, cyclic adenosine monophosphate
(cAMP). However, the mechanisms responsible for spatially constraining this diffusible messenger remain
elusive. Here, we reveal that the type | regulatory subunit of cAMP-dependent protein kinase (PKA), Rla, un-
dergoes liquid-liquid phase separation (LLPS) as a function of cAMP signaling to form biomolecular conden-
sates enriched in cAMP and PKA activity, critical for effective cAMP compartmentation. We further show that
a PKA fusion oncoprotein associated with an atypical liver cancer potently blocks Rla LLPS and induces
aberrant cAMP signaling. Loss of Rla LLPS in normal cells increases cell proliferation and induces cell trans-
formation. Our work reveals LLPS as a principal organizer of signaling compartments and highlights the path-

ological consequences of dysregulating this activity architecture.

INTRODUCTION

3',5'-cyclic adenosine monophosphate (CAMP) is a universal
regulator of cellular function and behavior across evolution.
In eukaryotes, cAMP production is canonically triggered in
response to hormone signaling via G protein-coupled receptor
(GPCR)-mediated activation of transmembrane adenylyl cy-
clases (ACs), which catalyze synthesis of cAMP from ATP.
cAMP signals are transduced by a number of well-studied
effector proteins, most prominently cAMP-dependent protein
kinase (PKA), a tetrameric holoenzyme consisting of a regula-
tory subunit dimer bound to a pair of catalytic subunits. Bind-
ing of cAMP to the PKA regulatory subunit unleashes the ac-
tivity of the PKA catalytic subunit (PKA:a), which then
phosphorylates a myriad of targets throughout the cell.
Together, cAMP and PKA exert tight control over numerous
physiological processes, from cell growth and survival (Got-
tesman and Fleischmann, 1986; Jhala et al., 2003; Li et al.,
2000) to cardiac (Boularan and Gales, 2015) and neuronal
(Kandel, 2012) functions.
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The functional diversity of cAMP signaling is driven by hun-
dreds of GPCR inputs (Kroeze et al., 2003) capable of elevating
cAMP levels to produce distinct cellular responses (Patra and
Brady, 2018). This remarkable specificity may be achieved
through compartmentation of cAMP, a concept first proposed
over 35 years ago (Brunton et al., 1981; Buxton and Brunton,
1983; Steinberg and Brunton, 2001). Indeed, cAMP gradients
(Bacskai et al., 1993; Gorshkov et al., 2017; Lim et al., 2008; Ni-
kolaev et al., 2006) and microdomains (Maiellaro et al., 2016; Ter-
rin et al., 2012; Zaccolo and Pozzan, 2002) have been observed
experimentally in various contexts. Although compartmentalized
AC activity is involved in forming these cAMP microdomains
(Cooper, 2003; Willoughby and Cooper, 2007), cAMP-hydrolyz-
ing phosphodiesterases (PDEs) are widely considered the pri-
mary diffusional barrier responsible for fencing local cAMP pools
(Baillie, 2009; Houslay, 2010; Zaccolo, 2006).

However, this long-standing model of PDE-controlled cAMP
compartmentation is at odds with reports describing almost un-
restricted (e.g., 270-780 um?/s) cAMP diffusion in cells (Bacskai
et al., 1993; Chen et al., 1999; Nikolaev et al., 2004). Indeed,
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Figure 1. The Endogenous PKA Regulatory
Subunit Rle Undergoes Phase Separation

(A) Observing the localization of endogenously ex-
pressed Rla. The 11 B strand of GFP (FP4;) was
knocked in at the C terminus of Rla in HEK293A
cells. Transfecting these 293-Rla cells with the re-
maining GFP B strands (GFP4_1¢) and imaging them
in the GFP channel revealed formation of fluores-
cent Rla puncta.

(B) Representative GFP fluorescence images of
293-Rla. cells transfected with GFP4_19 show
merging of endogenous Rla puncta.

(C) Monitoring the dynamics of labeled Rla. FRAP of
Rla puncta (blue curve) compared with diffuse Rla.
(red curve) in GFP4_qo-transfected 293-Rla. cells.
Curves show the average time course of normalized
fluorescence intensity. Solid lines indicate the mean
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various computational studies have failed to reproduce forma-
tion of cAMP gradients through the sole action of PDEs (Boras
et al., 2014; Lohse et al., 2017; Rich et al., 2000, 2001; Saucer-
man et al., 2014), whose catalytic activity appears to be insuffi-
cient to constrain such a rapidly diffusing messenger (Boras
et al., 2014; Lohse et al., 2017), suggesting that experimentally
observed cAMP microdomains instead require substantially
(~100- to 10,000-fold) slower cAMP diffusion. Notably, more
recent investigations have reported significantly lower cytosolic
cAMP diffusion rates that are more conducive for cAMP
compartmentalization than the original estimates (Agarwal
et al., 2016; Richards et al., 2016). However, the specific mech-
anisms responsible for spatially constraining this critical second
messenger remain to be elucidated.

Here we identify the formation of biomolecular condensates of
the type I regulatory subunit of PKA, Rla, as a key driver of cAMP
compartmentation. Rle. undergoes liquid-liquid phase separa-
tion (LLPS) at endogenous levels as a function of dynamic
cAMP signaling to form Rla. bodies harboring high levels of
cAMP and PKA activity, and this dynamic cAMP sequestration
is required to spatially constrain cAMP in cells. Importantly,
Rlo LLPS is explicitly disrupted by a PKA,; fusion oncoprotein
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present in the atypical liver cancer fibrolamellar carcinoma
(FLC) (Honeyman et al., 2014), leading to aberrant cAMP
signaling and cell transformation. Our work reveals LLPS as an
essential coordinator of signaling compartments and provides
critical mechanistic clues into the etiology of FLC, highlighting
the pathological consequences of dysregulated signaling activ-
ity architecture.

RESULTS

Rla Undergoes LLPS at Endogenous Levels

Of the four non-redundant PKA regulatory subunits, only Rla is
ubiquitously expressed, and it is essential for proper regulation
of PKA activity (Cadd and McKnight, 1989). To visualize the dy-
namics of Rla expressed at endogenous levels, we introduced
the 11™ B strand of GFP (FP4;) (Leonetti et al., 2016) at the C ter-
minus of Rle via CRISPR-Cas9 in HEK293A cells, yielding the
293-Rla cell line. This small segment permits efficient knockin
and enables targeted reconstitution of intact GFP when the
remainder of superfolder GFP (GFP4_1¢) is co-expressed. By do-
ing so in 293-Rla. cells, we observed fluorescent puncta (Fig-
ure 1A) similar to those seen with overexpressed Rla. (Day
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Figure 2. Regulation of Rla. Phase Separation by PKA.,;: and cAMP

(A) Domain structure of full-length, wild-type Rlo.

(B) Comparison of Rla punctum number in wild-type HEK293T cells expressing EGFP-tagged wild-type or mutant Rla.. The D/D domain (residues 12-61), the
linker region (62—113), or both (12-113) were deleted or overexpressed. Horizontal lines indicate mean + SEM. Representative fluorescence images of HEK293T
cells transfected with the corresponding EGFP-tagged Rl constructs are shown above each bar.

(C-G) cAMP enhances Rla. phase separation in the presence of PKA. 4.

(legend continued on next page)
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et al., 2011; Mavrakis et al., 2006). These puncta are highly dy-
namic, and coalescence of dispersed puncta occurred on the
minute scale (Figure 1B; Video S1). Fluorescence recovery after
photobleaching (FRAP) experiments indicated that labeled Rlo
can dynamically exchange between the puncta and diffusible
pools, as indicated by similar fluorescence recovery kinetics
(time to half maximum [t1,o] of 7 s + 0.44 s, mean + standard error
of the mean [SEM] indicated throughout the paper, n = 12 puncta
versus ty, of 7.8 s £ 0.41 s, n = 5 cytosolic regions) (Figure 1C;
Video S2), although labeled Rla. showed decreased mobility
within puncta (t1,2, 35 s £ 1.3 s; n = 9 regions inside Rla puncta;
p < 0.0001; Figure S1A). In addition, treatment with 2.5% 1,6-
hexanediol (Hex), which disrupts weak intermolecular forces
present in liquid-like assemblies (Peskett et al., 2018), reduced
the number of endogenous Rla puncta per cell by 68% + 8.6%
(Figure 1D).

Strikingly, purified Rla by itself formed liquid droplets in vitro
(Figure 1E). Increasing molecular crowding with increasing con-
centrations of polyethylene glycol (PEG) decreased the concen-
trations of Rla needed for liquid droplet formation (Figure 1F),
whereas increasing salt (KCI) concentrations increased the con-
centrations of Rla. needed for liquid droplet formation (Fig-
ure S1B). Rla droplets varied in size in vitro and in cells (Fig-
ure S1C), and although endogenous Rla puncta account for
only 0.09% + 0.02% of the entire cellular volume, we estimated
the Rla concentration inside these puncta to be about 5.5 uM
(Figures S1D and S1E). We also observed similar fluorescent
puncta in various other cell types expressing Rla-GFP, such as
cardiomyocytes, astrocytes, and neurons (Figures S1F-S1H).
Together, these data indicate that Rla is capable of forming bio-
molecular condensates and that it does so at endogenous
expression levels.

Rl Phase Separation Is Inhibited by PKA_,; and
Enhanced by cAMP

Rla forms an obligate dimer via its N-terminal dimerization and
docking (D/D) domain, which bridges its binding to A-kinase
anchoring proteins (AKAPs). Connecting the D/D domain and
cAMP binding domains is a linker region that is relatively disor-
dered (STAR Methods) and contains an inhibitory sequence
that acts as a pseudosubstrate for PKA.s (Figure 2A; Kim
et al., 2005). To probe the role of these domains in Rla LLPS,
we generated a panel of EGFP-tagged Rla truncation mutants
and monitored their ability to form puncta when overexpressed
in wild-type HEK293T cells. No puncta were observed with mu-
tants lacking the D/D domain or the linker region (Figures 2B and
S2A-S2E), in contrast to the wild-type control, whereas fluores-
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cent puncta were observed in cells expressing a truncation
mutant containing only these two regions (Figure 2B). These
data suggest that a segment containing the D/D domain and
linker region is necessary and, to some extent, sufficient for
Rl LLPS.

The inhibitory sequence and a portion of the linker region
become disordered when cAMP-bound Rla is dissociated from
PKAat (Kim et al., 2005). Because this region is involved in Rla
LLPS, we hypothesized that PKA.,; and cAMP might directly in-
fluence this process. Indeed, increasing concentrations of puri-
fied PKAg,: increased the minimal Rla concentration required
for liquid droplet formation in vitro (Figure 2C). Moreover, over-
expression of PKA.y in GFP4_jg-expressing 293-Rla cells
decreased the number of endogenous Rloa puncta per cell by
67% (p = 0.001; —PKA.4:, n = 18 cells; +PKA¢at, N = 16 cells) in
the basal state (Figure S2F).

On the other hand, cAMP directly enhances Rla. LLPS in the
presence of PKA_,; because addition of cAMP attenuated the
inhibitory effect of PKA.& on Rla liquid droplet formation
in vitro and allowed liquid droplet formation at lower Rla. concen-
trations (Figure 2C). In 293-Rle. cells expressing GFP1_1, stimu-
lation with the AC activator forskolin (Fsk) to elevate cAMP
induced an acute increase in endogenous Rla puncta (70% =+
12%, n = 32 cells) (Figures 2D and 2F). Furthermore, increasing
cAMP levels through the B-adrenergic receptor agonist isopro-
terenol transiently increased the number of endogenous Rla
puncta per cell (Figure 2F), consistent with the cAMP dynamics
induced by this GPCR agonist (DiPilato and Zhang, 2009; Rich
et al., 2001). These data suggest that cAMP-bound Rl is more
prone to undergo LLPS, consistent with an increase in disorder
within the inhibitory sequence and linker region when cAMP-
bound Rla dissociates from PKA.,:. To observe the localization
of PKA.4 in this process, we stimulated HEK293T cells overex-
pressing Rlo. and PKA.;: with Fsk and observed a 164% =+
32% increase in the number of Rla puncta per cell, and PKA 4
co-localized with Rla puncta (Figures 2E, S2G, and S2H; Video
S3; n = 22 cells). Consistent with this observation, PKA.4 (1%
GFP-tagged) formed liquid droplets in vitro when mixed with
Rla. and cAMP (Figure 2G) but did not form liquid droplets on
its own (Figure S5B). These results suggest that cAMP dynamics
dictate formation and dissolution of Rla phase-separated bodies
and that PKA.,: co-phase-separates with Rla.

Rla Condensates Recruit and Retain High cAMP Levels
and PKA Activity

The observed enrichment of PKA.,: in Rla. phase-separated
bodies prompted us to directly probe PKA activity in these

(C) Representative in vitro phase diagram of Rla. liquid droplet formation as a function of Rla. and PKA.,; concentration in the presence (right) or absence (left) of

10 uM cAMP. Each condition was assessed at least twice.

(D) Representative fluorescence images of GFP4_jp-transfected 293-Rla cells before (t = 0, top) and after (t = 10 min, bottom) addition of 50 uM Fsk.
(E) Representative fluorescence images of wild-type HEK293T cells transfected with EGFP-Rla. and mTagBFP2-PKA_,; before (t = 0, top) and after (t = 10 min,

bottom) addition of 50 uM Fsk.

(F) Average time courses of the number of Rla puncta per cell in 293-Rla cells transfected with GFP4_1o and treated with 50 uM Fsk (blue curve) or 10 uM

isoproterenol (Iso) (red curve). Error bars indicate + SEM.

(G) Representative GFP (top) and DIC (bottom) images of 50 uM Rla. mixed with 25 uM PKA4: (1% GFP-tagged), showing PKA.: in Rla liquid droplets without (left)

and with (right) 10 uM cAMP.

Scale bars, 10 um. fp = 0.0258 and 7{{Tp < 0.0001 vs A(D/D+linker), ****p < 0.0001 vs wild-type Rla; Kruskal-Wallis test followed by Dunn’s multiple-compar-

isons test.
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bodies. To perform these measurements at the endogenous
level, we designed fluorescent sensors targeted to endogenous
proteins (FIuOSTEPS), a class of fluorescence resonance energy
transfer (FRET)-based biosensors that contain sensing domains
sandwiched between mRuby?2 (acceptor) and GFP4_1o (partial
donor). The FRET donor fully reconstitutes in the presence of
GFP4 fused to an endogenous protein of interest, resulting in as-
sembly of functional biosensors only at endogenous protein loci.
We designed FIuoSTEP-AKAR based on previously established
PKA activity-sensing domain consisting of a surrogate PKA sub-
strate sequence (LRRATLVD) and forkhead associated domain 1
(FHA1) as the phosphoamino acid-binding domain (Figure 3A;
Zhang et al., 2005). When PKA is active, phosphorylation of the
PKA substrate and its subsequent binding to FHA1 are expected
to induce a conformational change and an increase in the red/
green emission ratio (Figure S3A).

In 293-Rla cells expressing FIuoSTEP-AKAR, Fsk induced a
4.7% = 0.35% increase in the red/green emission ratio (raw
emission ratios [R]: R; = o 10 Rt = eng, 0.82 to 0.86; n = 35 cells)
in diffuse Rla regions (Figure 3B) but no detectable changes
within Rla. puncta (R - o to R; - eng, 0.88 t0 0.86; n = 32 cells), indi-
cating clear differences in PKA activity despite the limited dy-
namic range of this first-generation technology. Conversely,
the cell-permeable, myristoylated Protein Kinase A inhibitor
(PKI) induced no detectable ratio changes in diffuse Rla. regions
(Rt = 0 to Rt = eng, 0.79 t0 0.81; n = 17 cells) under the same con-
ditions butinduced a9.6% + 1.1% (R; - o to Ry = eng, 0.89 10 0.81;
n = 18 cells) decrease in the red/green emission ratio in Rla
puncta (Figure 3C), suggesting that basal PKA activity within
Rlae phase-separated bodies is high enough to saturate
FluoSTEP-AKAR prior to stimulation. Indeed, prior to any stimu-
lation, the initial red/green emission ratio was higher in Rla
puncta regions compared with diffuse Rla regions (Figure 3D).
As a control, 293-Rla cells transfected with FluoSTEP-AKAR
T/A, which contains a threonine-to-alanine (T/A) mutation within
the PKA substrate (Zhang et al., 2005), showed no significant
red/green ratio difference between Rlo puncta and diffuse re-
gions (Figure 3D). The observed high basal emission ratio is
consistent with enrichment of PKA activity in Rlo. phase-sepa-
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rated bodies, although exclusion of phosphatases from Rla. con-
densates could also contribute to the observed effect.

To similarly probe cAMP dynamics within Rle. puncta, we uti-
lized a FluoSTEP indicator of cAMP using Epac (ICUE) designed
based on the same split biosensor approach (Figure 3A). After
reconstitution of the donor fluorophore, cAMP binding to a trun-
cated fragment of Epacl1, a previously established cAMP-
sensing domain (DiPilato and Zhang, 2009) that includes the
cAMP binding domain, Ras exchange motif (REM), and guanine
exchange factor (GEF) domain, induces a conformational
change and an increase in the green/red emission ratio (Figures
S3B and S3C). In 293-Rla cells transfected with FluoSTEP-
ICUE, Fsk induced no detectable changes in Rlo. punctum re-
gions (Rt = o to R; = eng, 0.61 t0 0.61; n = 25 cells) but induced a
4.9% + 0.4% increase in the green/red emission ratio in diffuse
Rla regions (Rt = o 0 Rt = end, 0.57 10 0.59; n = 29 cells) (Figure 3E),
suggesting that basal cAMP levels in Rla phase-separated
bodies are also able to saturate FluoSTEP-ICUE prior to stimula-
tion. As an indication of basal cAMP levels, the initial green/red
emission ratio for FluoSTEP-ICUE was higher in Rlo. punctum re-
gions compared with diffuse Rla regions, whereas introducing
an R279E mutation to inhibit cAMP binding (DiPilato et al.,
2004) abolished this difference (Figure 3F). Importantly, the dy-
namic range of our cAMP biosensor was not affected by locali-
zation to Rla puncta, as demonstrated by identical green/red
emission ratio increases inside and outside of puncta in cells ex-
pressing Rla-tethered green/red ICUE and treated with the AC
inhibitor MDL-12330A (MDL) followed by a cAMP analog (Fig-
ure S3D). Notably, the emission ratio of the punctum-localized
sensor gradually decreased to that in diffuse regions after MDL
addition (Figure S3D), and a fluorescently labeled cAMP analog
(8-®-450-cAMP) localized almost exclusively to Rle liquid drop-
lets in vitro (Figures S3E-S3G), further supporting high basal
cAMP levels within these puncta.

Next, we examined how PKA activity and cAMP dynamics
changed during formation of Rla puncta. In PKA.,-expressing
293-Rla cells that showed Fsk-induced punctum formation (Fig-
ure S2F), Fsk induced a larger increase in the FluoSTEP-AKAR
red/green emission ratio (8.6% + 0.63%; R - o to Rt = enas 0.8

Figure 3. Endogenous Rla Condensates Form cAMP/PKA Compartments and Enable PDE-Mediated cAMP Compartmentation

(A) Top: fluorescent sensors targeted to endogenous proteins (FIuoSTEPS) utilize split-GFP complementation to recruit a biosensor (e.g., FluoSTEP-AKAR,) to a
protein of interest (POI) expressed at endogenous levels. Bottom: domain structures of Rla-GFP4, FluoSTEP-AKAR, and FluoSTEP-ICUE.

(B-F) Basal PKA activity and cAMP levels within Rla. phase-separated bodies are high enough to saturate FluoSTEP responses prior to stimulation.

(B and C) Left: red/green (R/G) emission ratio changes in 293-Rla cells transfected with FluoSTEP-AKAR and stimulated with 50 uM Fsk (B) or 20 uM myristoylated
PKI (Myr-PKI) (C). Rlo. punctum (blue curve) and non-punctum regions (red curve) were analyzed separately. Right: response to Fsk (B) (n = 32 puncta and 35
diffuse regions from 32 cells) or Myr-PKI (C) treatment.

(D) Raw starting emission ratios for FluoSTEP-AKAR and FluoSTEP-AKAR T/A. Rla. punctum and non-punctum regions were analyzed separately (wild-type [WT]
AKAR, n = 19 puncta and 17 diffuse regions from 17 cells; AKAR T/A, n = 25 puncta and 25 diffuse regions from 25 cells).

(E) Left: green/red (G/R) emission ratio changes in 293-Rlq. cells transfected with FluoSTEP-ICUE and stimulated with 50 uM Fsk. Rla. punctum (blue curve) and
non-punctum regions (red curve) were analyzed separately. Right: response to Fsk stimulation.

(F) Raw starting emission ratios for FluoSTEP-ICUE and FluoSTEP-ICUE R279E (WT ICUE, n = 32 puncta and 37 diffuse regions from 32 cells; ICUE R279E, n = 42
puncta and 43 diffuse regions from 42 cells).

(G and H) Left: R/G (G) and G/R (H) emission ratio changes in 293-Rlx cells transfected with FluoSTEP-AKAR (G) or FluoSTEP-ICUE (H) plus mTagBFP2-PKA.t
and stimulated with 50 uM Fsk. Newly formed Rl punctum regions (blue curve) and non-punctum regions (red curve) were analyzed separately (FluoSTEP-AKAR,
n = 12 new puncta and 12 diffuse regions from 12 cells; FluoSTEP-ICUE, n = 11 new puncta and 12 diffuse regions from 11 cells). Right: responses to Fsk
stimulation (FluoSTEP-AKAR, n = 27 new puncta and 27 diffuse regions from 27 cells; FluoSTEP-ICUE, n = 35 new puncta and 36 diffuse regions from 35 cells).
Solid lines in (B), (C), (E), (G), and (H) indicate representative average time courses of R/G (B, C, and G) and G/R (D and H) emission ratio changes; shaded areas,
SEM. Bar graphs in (B), (C), (E), (G), and (H) show maximum emission ratio changes upon drug addition, with bars indicating mean + SEM. Violin plots in (D) and (F)
show the median and quartiles as solid and dashed lines, respectively. ***p < 0.0001, unpaired two-tailed Student’s t test with Welch’s correction.
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to 0.87; n = 27 cells) in newly formed Rla. puncta compared with
the constantly diffuse Rla regions (4.8% + 0.35%; Rt - o to R; - eng»
0.8t0 0.82; n = 27 cells) (Figure 3G). Similarly, Fsk-induced Fluo-
STEP-ICUE responses were larger in newly formed Rla puncta
(8.4% + 0.66%; R; - o to Rt = eng, 0.55 to 0.59; n = 35 cells)
compared with the constantly diffuse Rla regions (4.3% =
0.34%; R = ¢ to Ry = ena, 0.55 to 0.57; n = 36 cells) (Figure 3H).
These results suggest that Rla. phase-separated bodies recruit
and retain active PKA.,; and cAMP.

Dynamic cAMP Buffering by Rla Condensates Drives
cAMP Compartmentation
Although cAMP degradation by PDEs has been shown to help
create cAMP compartments in cells, PDE activity alone appears
to be insufficient to restrict cAMP, given the current understand-
ing of cAMP diffusion characteristics (Boras et al., 2014; Lohse
et al., 2017; Yang et al., 2016). Key mechanisms that enable
cAMP compartmentation therefore await discovery. Given the
high level of cAMP observed in Rla. condensates, we hypothe-
sized that these bodies help compartmentalize cAMP by serving
as a dynamic buffering system. Using an improved cAMP sensor
(ICUE4) (Figures S4A and S4B) fused to the catalytic portion of
PDE4D2 (PDE4D2.,;) (PDE4D2,,-ICUE4) (Figures 4A, 4B, and
S4C) to monitor local cAMP within PDE compartments (Bock
et al., 2020, this issue of Cell) as a direct assay for cAMP
compartmentation, we found that Fsk induced a small increase
in the normalized cyan/yellow emission ratio of only 6.2% =+
0.23% (n = 55 cells), whereas blocking PDE activity by using
the PDE4-selective inhibitor rolipram and a general PDE inhibi-
tor, 3-isobutyl-1-methylxanthine (IBMX), rescued the response,
suggesting that PDE4D2.,; can form a cAMP sink under control
conditions when the cAMP compartmentation system is intact
(Figure 4B). However, when Rla. LLPS was disrupted with 2.5%
1,6-hexanediol pretreatment (Figures 4B and S4D-S4F), Fsk
induced much greater cAMP accumulation around PDE4D2,
indicated by a larger increase in the normalized cyan/yellow
emission ratio (30% + 0.76%, p < 0.0001; n = 50 cells) of the
PDE4D2.,:-ICUE4 probe, suggesting that disrupting Rle. con-
densates leads to decreased cAMP buffering and loss of effec-
tive cAMP compartmentation. In cells with no Rlo. LLPS because
Rla is homozygously knocked out, Fsk induced similar changes
with and without 1,6-hexanediol pretreatment (Figure 4C), sug-
gesting that the effect on cAMP compartmentation is mediated
by Rla. The effect of disrupting Rla. condensates was even stron-
ger when Rla. was overexpressed. In control cells, Fsk induced
no detectable changes in the normalized PDE4D2.,-ICUE4
emission ratio (—0.40% + 0.055%, n = 72 cells), suggesting
that Rla. overexpression further enhances cAMP compartmenta-
tion. In sharp contrast, when Rla LLPS was disrupted by 1,6-
hexanediol pretreatment, Fsk stimulation induced a large 65%
+ 2.0% (n = 30 cells) increase in the normalized emission ratio
(Figure 4D) (p < 0.0001). Moreover, Rla. LLPS decreased basal
cAMP levels around the PDE4D2 compartment because the
initial cyan/yellow emission ratios for PDE4D2.,-ICUE4 were
lower when Rla. was present versus when Rlo was knocked
out (Figure S4G).

To identify the key determinants of Rla-mediated cAMP
compartmentation, we expressed mRuby2-tagged Rlop,p iinkers
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which can phase-separate but does not bind cAMP, and
mRuby2-tagged Rloap/piinkers Which can bind to cAMP but
cannot phase-separate, in Rla-null cells and measured cAMP
levels around PDE4D2.,;. In both cases, Fsk treatment induced
significant increases in cAMP levels around PDE4D2,; irrespec-
tive of 1,6-hexanediol pretreatment, and basal cAMP levels
around the PDE4D2 compartment were also elevated; the initial
cyan/yellow emission ratios for PDE4D2.,:-ICUE4 were higher
for both mutants compared with wild-type Rla (Figures S4G-
S4L). These data suggest that formation of Rla condensates
and the ability of Rla. to sequester cAMP are required for effective
cAMP compartmentalization. Moreover, experiments using dye-
labeled cAMP suggest that cAMP is essentially “trapped” in the
Rla. condensates (Figures S3E, S3F, and 4E). Overall, these re-
sults highlight a key mechanism of cAMP compartmentation
where Rlo. condensates enable PDEs to function as local
cAMP sinks to drive cAMP signaling specificity.

An Oncogenic PKA Fusion Abolishes Rla Phase
Separation

Disruption of Rlo. phase separation leads to defective cAMP
compartmentation, and the aberrant cAMP/PKA signaling
caused by altered cAMP compartmentation is linked to various
diseases (Caretta and Mucignat-Caretta, 2011; Perera and Niko-
laev, 2013; Steinberg and Brunton, 2001). FLC is an atypical liver
cancer that primarily affects young adults with no pre-existing
liver conditions (Sergi, 2015), making the etiology of this cancer
enigmatic. Although the DnaJB1-PKA.; fusion oncogene is de-
tected in nearly all FLC patients, the mechanism by which this
fusion protein drives FLC is completely unknown (Honeyman
et al., 2014; Kastenhuber et al., 2017). Intriguingly, we observed
an almost complete absence of Rla puncta formation in
HEK293T cells overexpressing DnadB1-PKA.;; and Rla
compared with cells overexpressing wild-type PKA.;: and Rla
(Figures 5A and 5B), consistent with the inhibitory role of
DnaJB1-PKA.,: on Rla droplet formation in vitro (Figure S5A).
A kinase-dead, ATP binding-deficient mutant of DnadB1-PKA,4t,
DnaJB1-PKA..<"?", which does not induce FLC in animal
models (Kastenhuber et al., 2017), restored Rla LLPS when co-
expressed (Figure 5A and 5B), presumably because of reduced
affinity for Rle (Lu et al., 2019). Fsk also failed to induce any sig-
nificant increases in Rlo. LLPS when DnadB1-PKA.,; or DnadB1-
PKA..*"2" was co-expressed with Rle, in contrast to wild-type
PKAcat (Figures 5C and S5C; Video S4), with little Rlee LLPS
observed in the case of DnaJB1-PKA.,; and many Rla puncta
observed in the case of DnaJB1-PKA %"

N-terminal fusion of the 70 amino-acid consensus sequence
from Dnad chaperones such as DnaJdB1 (J-domain) abolishes
PKA.a+ myristoylation (Bastidas et al., 2012) and recruits the
Hsp70 chaperone to the fusion protein (Turnham et al., 2019).
Therefore, we next tested the effect of PKA.,; myristoylation
and Hsp70 recruitment by the J-domain on Rla LLPS. Mutating
the muyristoylation site in wild-type PKAy (PKAGS™) signifi-
cantly decreased the numbers of Rla puncta under basal and
Fsk stimulation conditions (Figure 5D). Intriguingly, adding an
N-terminal sequence to restore myristoylation to DnadB1-PKA4t
partially reversed the abolishing effect of DnadB1-PKA¢,: on
basal Rla. LLPS (Figure 5D). Furthermore, disrupting the ability
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Figure 4. Dynamic cAMP Buffering by Rla Condensates Drives cAMP Compartmentation
(A) Domain structure of the PDE4D2.,:-ICUE4 sensor, which is used to measure cAMP levels in the PDE4D2 compartment.

(B-D) Investigating the formation of PDE-mediated cAMP sinks with and without Rla phase separation. Left: representative average time courses of cyan/yellow
(C/Y) emission ratio changes (normalized to maximum) in WT HEK293T cells transfected with PDE4D2_,;-ICUE4 (endo Rla) (B), Rla-null HEK293T cells trans-
fected with PDE4D2.,-ICUE4 (Rlo. KO) (C), and HEK293T cells co-transfected with PDE4D2.,-ICUE4 and mRuby2-Rla (Rla. OX) (D). Cells with (red curve) or
without (blue curve) 2.5% Hex pretreatment were stimulated with 50 uM Fsk, 1 uM rolipram (Rol), and 100 uM IBMX. Right: maximum normalized emission ratio
upon Fsk stimulation. Solid lines indicate the mean and shaded areas SEM. Bars indicate mean + SEM.

(E) Schematic illustration of cAMP buffering via Rlo. phase separation. Rla droplets dynamically sequester cAMP, effectively buffering cAMP in the cytosol. ****p <

0.0001, unpaired two-tailed Student’s t test with Welch’s correction.

of the J-domain to recruit the Hsp70 chaperone by introducing
an H33Q mutation (Turnham et al., 2019) in DnaJB1-PKA 4
restored cAMP-responsive formation of Rla biomolecular con-
densates (Figure 5D). Combining these two alterations partially
restored basal and Fsk-stimulated punctum formation (Fig-
ure 5D). Collectively, these results show that DnadB1-PKA 4
strongly suppresses basal and cAMP-responsive Rlo LLPS,
which are partly mediated by loss of myristoylation and binding
to Hsp70, respectively.
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Loss of Rla Phase Separation Disrupts cAMP
Compartmentation and Leads to Increased Cell
Proliferation and Transformation

Given that Rla LLPS is essential to enable cAMP compartmenta-
tion, we expect that DnaJB1-PKA . -induced loss of Rla. LLPS
should lead to defective cAMP compartmentation. We therefore
tested the effect of DnaJB1-PKA.,; using our PDE4D2.,-ICUE4
cAMP compartmentation assay. In cells expressing wild-type
PKA.a: and Rla, Fsk induced no detectable changes in the
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Figure 5. The FLC Oncoprotein DnadB1-PKA_,; Disrupts Rla Phase Separation and cAMP Compartmentation, Resulting in Increased Cell
Proliferation and Transformation

(A) Representative fluorescence images of HEK293T cells transfected with EGFP-tagged Rla and mTagBFP2-tagged DnaJB1-PKA 4 (left) or DnaJB1-PKA,<"2"
(right). Scale bars, 40 um.

(B) Average number of Rla puncta per cell in HEK293T cells co-transfected with EGFP-Rlo. and mTagBFP2-tagged PKA.,: (Cat), DnaJB1-PKA.,: (J-Cat), or
DnaJB1-PKA.<"?" (J-Cat"2H), ***p < 0.0001; unpaired two-tailed Student’s t test with Welch’s correction.

(C) Average time course of the number of Rla puncta per cell following 5 M Fsk addition to HEK293T cells transfected with EGFP-RIa alone (dark blue curve) or
EGFP-RIo. plus mTagBFP2-tagged PKA.: (red curve), DnaJB1-PKA (light blue curve), or DnaJB1-PKA..<"?" (green curve).

(D) Comparison of Rla. punctum number between cells expressing Rla plus DnaJB1-PKA . (J-Cat), WT PKA.; with no myristoylation (Cat®'4); DnaJB1-PKA.t
with the myristoylation consensus sequence at the N terminus (Myr-J-Cat); DnaJB1-PKA  that cannot bind to Hsp70 (J"339-Cat); or DnaJB1-PKA.,; with
myristoylation and no Hsp70 binding (Myr-JHaaQ-Cat). Cells were treated with (red) or without (blue) 50 uM Fsk. **** p < 0.0001; Mann-Whitney U test. {p = 0.0198,
JH33A_Cat + Fsk versus J-Cat + Fsk; 11p = 0.0012, Myr-J-Cat — Fsk versus J-Cat — Fsk; {tp = 0.0021, Myr-J-Cat + Fsk versus J-Cat + Fsk; 1ip = 0.0039, Myr-
JH33QA_Cat — Fsk versus J-Cat — Fsk; T117p < 0.0001 versus J-Cat + Fsk; Kruskal-Wallis test followed by Dunn’s multiple comparisons test.

(E) Representative average time courses of C/Y emission ratio changes (normalized to maximum) in HEK293T cells transfected with PDE4D2,-ICUE4 and
mTagBFP2-Rla plus mCherry-tagged PKA . (Cat), DnaJB1-PKA,; (J-Cat), or DnaJB1-PKA <72 (J-Cat®"2"). Cells with (red curves) or without (blue curves)
2.5% Hex pretreatment were stimulated with 50 uM Fsk, 1 uM Rol, and 100 uM IBMX. Solid lines indicate the mean and shaded areas SEM. Inset: maximum
normalized emission ratio change upon Fsk stimulation for each condition. ***p < 0.0001; unpaired two-tailed Student’s t test.

(F-H) Loss of Rla phase separation or cAMP sequestration promotes tumorigenic phenotypes in AML12 hepatocytes. Rla-null cells were transfected with
Rlap/p.Linker, Which permits Rla. phase separation but lacks cAMP binding, or Rlaap/p.Linken, Which retains cAMP binding but lacks phase separation.

(F) Average time courses of the cell count for AML12 cells under different conditions. Error bars indicate SEM.

(G) Average percentage of bromodeoxyuridine-positive (BrdU+) AML12 cells. ****p < 0.0001 versus WT; ordinary one-way ANOVA followed by Dunnet’s multiple
comparisons test.

(H) Average number of colonies larger than 500 um? grown in soft agar. ****p < 0.0001 versus WT; ordinary one-way ANOVA followed by Dunnet’s multiple
comparisons test.

Bars in (B), (E), (G), and (H) indicate mean + SEM. Violin plots in (D) show the median and quartiles as solid and dashed lines, respectively.

normalized cyan/yellow emission ratio of PDE4D2.,-ICUE4 tio under these same conditions when Rla LLPS was disrupted
(2.0% + 1.5%, n = 30 cells) but induced a large (31% + 1.3%, by 1,6-hexanediol pretreatment (Figure 5E) (p < 0.0001). On
n = 24 cells) increase in the normalized cyan/yellow emissionra-  the other hand, cells overexpressing DnaJB1-PKA.,;: showed
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similar Fsk-induced PDE4D2,;-ICUE4 responses regardless of
1,6-hexanediol pretreatment (Figure 5E). However, in the pres-
ence of DnaJB1-PKA_."?", which restores Rla. LLPS, Fsk again
induced only a small increase in the normalized PDE4D2_,-
ICUE4 emission ratio (5.4% + 1.2%, n = 29 cells) versus a
much larger (29% = 2.8%, n = 18 cells) increase when Rla
LLPS was disrupted by 1,6-hexanediol pretreatment (Figure 5E;
p < 0.0001). Altogether, these data show that disruption of Rla
LLPS by DnaJB1-PKA.,: dramatically impairs cAMP compart-
mentation, providing a mechanistic clue for aberrant signaling
caused by this oncoprotein fusion.

A critical question is whether loss of Rle. LLPS and subsequent
disruption of cAMP compartmentation could have a functional
effect on cellular processes, particularly with respect to tumori-
genesis. To test the functional consequences of loss of Rla
LLPS, we generated an Rla-null cell line by using non-tumori-
genic hepatocytic AML12 cells in which we stably expressed
wild-type or various mutant forms of Rla. and measured their pro-
liferation rates and transformation capabilities. Strikingly, loss of
Rla increased cell proliferation and DNA synthesis by 2-fold
compared with wild-type cells. In Rla-null cells, re-expressing
wild-type Rla rescued the wild-type phenotype, whereas stably
expressing Rlo mutants that were defective in LLPS or cAMP
binding failed to rescue (Figures 5F and 5G; p < 0.0001). More-
over, loss of Rla led to formation of detectable colonies on soft
agar (Figures 5H and S5D; p < 0.0001), suggesting that loss of
Rla leads to anchorage-independent growth, a hallmark of can-
cer cells. Similar to what was observed for cell proliferation,
restoration of wild-type Rl in Rla-null cells inhibited colony for-
mation, whereas Rla-null cells expressing Rla. mutants that were
defective in LLPS or cAMP binding continued to exhibit
anchorage-independent growth (Figures 5H and S5D; p <
0.0001). These results suggest that loss of Rl LLPS and disrup-
ted cAMP compartmentation lead to tumorigenic phenotypes in
hepatocytes. Similar results were also observed with mouse em-
bryonic fibroblasts (Figures S5E-S5G), suggesting that the tu-
mor-suppressive nature of Rlo. LLPS has broad implications.

DISCUSSION

cAMP compartmentation is crucial for our understanding of how
this pathway achieves signaling specificity (Baillie, 2009; Stein-
berg and Brunton, 2001); however, the mechanisms responsible
for compartmentalizing this ubiquitous second messenger are
unclear (Lohse et al., 2017; Yang et al., 2016). Local degradation
of cAMP has been suggested as a key mechanism in spatially
constraining cAMP and forming cAMP compartments (Conti
et al., 2014; Stangherlin and Zaccolo, 2012), but the discrepancy
between the modest catalytic capabilities of these enzymes
(Conti and Beavo, 2007; Goraya et al., 2008) and the reportedly
rapid diffusion of cAMP in cells (Bacskai et al., 1993; Chen et al.,
1999; Nikolaev et al., 2004) calls into question the dominant role
assigned to PDEs (Lohse et al., 2017). In contrast, our compan-
ion paper (Bock et al., 2020) estimated a PDE4A1 turnover num-
ber of ~160 molecules/s in intact cells, ~30 times faster than
in vitro estimates (Lohse et al., 2017). They further revealed
that cAMP appears to be largely immobile in the basal state, ex-
hibiting buffered diffusion, which results in low free cAMP con-
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centrations and ultimately allows PDEs to create functionally
relevant nanodomains of low cAMP concentration. Here we
showed that Rla biomolecular condensates act as a dynamic
“sponge” in recruiting and retaining cAMP and active PKA 4,
processes required for cAMP compartmentation, because dis-
rupting these condensates leads to loss of PDE-mediated
cAMP sinks. This work thus fills a key gap in our understanding
of this fundamental process by uncovering a crucial mechanism
to enable cAMP compartmentation. Thermodynamically, Rla
phase-separated bodies and the surrounding cytosol can be
considered mixtures of cAMP, Rla, and all other components
present. Formation of droplets via LLPS and the non-stoichio-
metric increase in cAMP in these droplets point to differences
in chemical potential (Denbigh, 1951; De Groot and Mazur,
2013; Hyman et al., 2014; Kuiken, 1994) underlying the cAMP
concentration difference between Rla. bodies and the cytosol.
This discovery of a critical cCAMP compartmentation system
mediated by LLPS might ultimately redefine our understanding
of how cAMP compartmentation shapes the cAMP/PKA
signaling landscape to achieve functional diversity. Future
studies will further characterize Rlo. biomolecular condensates
to determine whether other components, such as AKAPs and
phosphatases, are present.

Increasing evidence suggests that LLPS acts as a principal
organizer of numerous cellular processes, such as actin poly-
merization (Li et al., 2012), transcription (Boija et al., 2018;
Gibson et al., 2019; Sabari et al., 2018), and stress responses
(Brangwynne et al., 2009; Jain et al., 2016; Molliex et al., 2015).
Emerging studies have shown that many signaling molecules
also undergo LLPS (Cai et al., 2019; Su et al., 2016). Although
many macromolecules have been shown to undergo LLPS in
cells, how LLPS affects their biochemical activities and functions
is often unclear. By engineering FIUOSTEPSs, we can measure
enzyme activity and small-molecule dynamics directly in biomol-
ecular condensates without perturbing the expression levels of
their individual constituents. Here we targeted FIuOSTEPs to
endogenous Rlo and measured high cAMP levels and PKA activ-
ity in Rl bodies. cAMP levels and PKA activity were particularly
enriched and retained in newly formed Rla bodies, suggesting
that these condensates dynamically buffer cAMP. These live-
cell activity measurements were essential for generating our hy-
pothesis, which led us to discover the cellular function of Rla
bodies as a key cAMP compartmentation system critical for
signaling specificity in the cAMP/PKA pathway. Because Fluo-
STEPs have the same modular design as all FRET-based sen-
sors (Greenwald et al., 2018; Zhou et al., 2012), their application
is expandable to monitor other signaling activities and should aid
in further elucidating the organizing principles of cellular activity
architectures, including the role of phase-separated enzymatic
assembilies in other systems.

FLC is atypical among liver cancers because it is not corre-
lated with age, cirrhosis, or common markers of liver disease
(Sergi, 2015). Although the DnaJB1-PKA.,; fusion oncoprotein
has been reported to be present in the majority of FLC patients
(Dinh et al., 2017; Honeyman et al., 2014), the pathological
mechanisms of this oncogenic fusion are completely unknown.
From a structural and biochemical standpoint, DnadB1-PKA_4
is largely indistinguishable from wild-type PKA.4t with respect
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to interaction interface and binding affinity for PKA regulatory
subunits (Cao et al., 2019; Cheung et al., 2015), cAMP activation
(Cao et al., 2019), and catalytic activity (Cao et al., 2019; Honey-
man et al., 2014; Riggle et al., 2016). Furthermore, although
DnadB1-PKA.,: is expressed at approximately 10-fold higher
levels than wild-type PKA.,: because of promoter alterations
(Riggle et al., 2016), overexpressing wild-type PKA 4 does not
induce tumor formation in mice (Kastenhuber et al., 2017), sug-
gesting that expression differences alone are not likely to be
the determining factor. Our study provides a mechanistic link
between DnaJB1-PKA;s;: and tumorigenesis. DnadB1-PKA 4t
abolishes Rla LLPS, disrupting cAMP compartmentation and
deregulating cAMP/PKA signaling. Furthermore, loss of Rla
LLPS in non-tumorigenic hepatocytes and fibroblasts leads to
tumorigenic phenotypes such as increased cell proliferation
and anchorage-independent growth. Interestingly, a subset of
FLC patients lack the DnaJB1-PKA;;: oncogene but exhibit
loss of Rla protein expression (Graham et al., 2018), corrobo-
rating our model that loss of Rla. LLPS is a key driver of FLC.
Mechanistically, loss of myristylation and gain of Hsp70 binding
(Turnham et al., 2019) by DnadB1-PKA.,: are partially respon-
sible for blocking Rla LLPS, but other mechanisms might
also be involved. Intriguingly, DnadB1-PKA.,: and the related
fusion oncoprotein ATP1B1-PKA,; have been detected in intra-
ductal oncocytic papillary neoplasms (Singhi et al., 2020); thus,
our finding that loss of cAMP compartmentation drives tumori-
genic signaling might be applicable to other cancers. Although
multiple studies have shown that emergence or enhancement
of LLPS is linked to stress conditions or neurological disease
states (Jain et al., 2016; Markmiller et al., 2018; Molliex et al.,
2015; Peskett et al., 2018; Wegmann et al., 2018), our work pro-
vides a distinct example of LLPS being necessary for normal
cellular function, with loss of LLPS leading to disease pheno-
types, where only a limited number of examples exist (Bouchard
et al., 2018).

In summary, we discovered a membraneless organelle that
shapes the PKA signaling landscape. Our results represent a
conceptual leap forward in understanding how the cAMP/PKA
pathway is dynamically organized. Given the universal nature
of cAMP/PKA signaling and the ubiquitous expression of Rla
(Cadd and McKnight, 1989), our findings have far-reaching phys-
iological implications for various biological systems, such as car-
diomyocytes (Buxton and Brunton, 1983; Nikolaev et al., 2006;
Scholten et al., 2007; Yin et al., 2008) and neurons (Gorshkov
et al., 2017; Park et al., 2014; Shelly et al., 2010), in which the
cAMP/PKA pathway plays diverse roles and Rla. punctum forma-
tion can be observed (Figure S1). Furthermore, we discovered a
link between spatially dysregulated cAMP/PKA signaling and
cancer. Overall, our findings showcase the intricacies of
signaling activity architectures and the importance of biomole-
cular condensates in their construction.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Bacterial and Virus Strains

DH5a competent bacteria NEB Cat#C2987I
Rla-EGFP lentivirus This paper N/A
Rlop,/psLinker-EGFP lentivirus This paper N/A
Rlaap/p+Linken~EGFP lentivirus This paper N/A
BL21(DE3) competent bacteria Agilent Cat#200131
Rosetta (DE3) pLysS competent bacteria Millipore Sigma Cat#70956

Biological Samples

Sprague-Dawley rat pups

Charles River

Strain Code 400

Chemicals, Peptides, and Recombinant Proteins

Bbsl

Q5 High Fidelity Polymerase
HiFi DNA Assembly Kit
Hindlll

EcoRl

Xbal

Q5 Site Directed Mutagenesis Kit
DMEM:F12

ITS Liquid Media Supplement
Dexamethasone
Polyjet

DNase |

Neurobasal media
SM1 Supplement
Poly-D-Lysine
Lipofectamine LTX
Puromycin

BSA

HEPES

EDTA

DAPI

Noble Agar

Powdered DMEM
IPTG

MES

EGTA

DTT

Protease inhibitors
cGMP
B-mercaptoethanol
Imidazole

ATP

cAMP

PEG4000

NEB

NEB

NEB

NEB

NEB

NEB

NEB
ThermoFisher
Sigma Aldrich
Sigma Aldrich
Signagen
ThermoFisher
ThermoFisher
STEMCELL Technologies
Sigma Aldrich
Invitrogen
Sigma Aldrich
Roche

Sigma Aldrich
Sigma Aldrich
ThermoFisher
ThermoFisher
ThermoFisher
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Roche

Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich

Cat#R3539
Cat#M0491S
Cat#E5520S
Cat#R0104S
Cat#R0101S
Cat#R0145S
Cat#E0554
Cat#12634010
Cat#13146
Cat#D1159
Cat#SL100688
Cat#EN0525
Cat#21103049
Cat#05711
Cat#P6407
Cat#15338500
Cat#P8833
Cat#10738328103
Cat#H3375
Cat#E6758
Cat#D21490
Cat#AAJ1090722
Cat#12800017
Cat#16758
Cat#M3671
Cat#E3889
Cat#D0632
Cat#11873580001
Cat#G7504
Cat#M6250
Cat#1336500
Cat#A26209
Cat#A9501
Cat#1546569
(Continued on next page)
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Continued
REAGENT or RESOURCE SOURCE IDENTIFIER
Forskolin CalBioChem Cat#344281
IBMX Sigma Aldrich Cat#17018
Rolipram Alexis Cat#61413-54-5
1,6-hexanediol Sigma Aldrich Cat#240117
Myr-PKI Tocris Cat#2546
Isoproterenol Sigma Aldrich Cat#1351005
MDL-12330A Sigma Aldrich Cat#B23151
8-Br-2'-O-Me-cAMP-AM Biolog Cat#B028-01
8-[®-450]-cAMP Biolog Cat#P024-001
Critical Commercial Assays
BrdU kit Invitrogen Cat#B23151
Deposited Data
FluoSTEP-ICUE sequence GenBank MT800777.1
FluoSTEP-AKAR sequence GenBank MT800778.1
Experimental Models: Cell Lines
HEK293T ATCC ATTC Cat#CRL-11268
HEK293A ThermoFisher Cat#R70507
MEF GS McKnight Lab, University N/A

of Washington, Seattle, WA, USA
AML12 ATCC ATCC Cat#CRL-2254
293-Rla This paper N/A
293T-Rla. KO This paper N/A
MEF-Rla. KO Day et al., 2011 N/A
AML12-Rla KO This paper N/A
AML12-Rlo. KO-Rla-EGFP This paper N/A
AML12-Rlo. KOp/pLinker-Rlo-EGFP This paper N/A
AML12-Rlo. KO p/p+Linken-Rla-EGFP This paper N/A
MEF-Rla. KO-Rla-EGFP This paper N/A
MEF-RIlo. KO-Rlop,p 1 inker-EGFP This paper N/A
MEF-Rlo. KO-Rlop/paLinken-EGFP This paper N/A
Oligonucleotides
Primers for plasmid construction, see Table S1 This paper N/A
Rla-FP44 HDR ssDNA, see Table S1 IDT, for this paper N/A
DnaJB1 exon 1 gBlock, see Table S1 IDT, for this paper N/A

Recombinant DNA

px458
px459

px458 mouse Rl gRNA
px459 human Rla. gRNA
pcDNA3 AKAR2-CR

pBAD-mTagBFP2

pcDNAS.1 EGFP-Rla
pcDNAS3.1 mCherry-PKAg.t
pcDNAS.1 mRuby2-Rla
pcDNAS.1 mTagBFP2-Rla
pcDNA3.1 Rlop,p.inker-EGFP
pcDNABS.1 Rlap,p-EGFP
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Ran et al., 2013
Ran et al., 2013
This paper

This paper

Lam et al., 2012
Subach et al., 2011
Day et al., 2011
Day et al., 2011
This paper

This paper

This paper

This paper

Addgene plasmid #48138
Addgene plasmid #62988
N/A
N/A
Addgene plasmid #40255
Addgene plasmid #34632
N/A
N/A
N/A
N/A
N/A
N/A
(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
PcDNABS.1 Rloy jnker-EGFP This paper N/A
pPcDNAS.1 Rloap/p+Linken-EGFP This paper N/A
PcDNAS.1 Rlaapp-EGFP This paper N/A
PcDNABS.1 Rlaa inker-EGFP This paper N/A
pcDNA3.1 mTagBFP2-PKA 4t This paper N/A

pcDNA3.1 GFP4_10
pcDNA3 AKAR4
pcDNA3 ICUE3

Leonetti et al., 2016
Depry et al., 2011
DiPilato and Zhang, 2009

Addgene plasmid #70219
Addgene plasmid #61619
Addgene plasmid #61622

pcDNAS.1 FluoSTEP-AKAR This paper N/A

pPcDNABS.1 FluoSTEP-ICUE This paper N/A

pcDNAS.1 FluoSTEP-AKAR(T/A) This paper N/A

PcDNABS.1 FluoSTEP-ICUE(R279E) This paper N/A

pcDNAS3.1 ICUE4 This paper N/A

PDE4D2 cDNA gift from Hengming Ke, UNC, N/A

Chapel Hill, NC

pPcDNA3.1 PDE4D2,,-ICUE4 This paper N/A

pPcDNAS.1 Rla-ICUE4 This paper N/A

PcDNABS.1 Rlop/pLinker-I CUE4 This paper N/A

pcDNA3.1 RG-ICUE This paper N/A

pcDNAS.1 Rla-RG-ICUE This paper N/A

pPcDNAS.1 mCherry-DnaJB1-PKA .t This paper N/A

pcDNA3.1 mCherry-DnaJB1-PKA <2 This paper N/A

pcDNAS.1 mTagBFP2-DnaJB1-PKA 4t This paper N/A

pcDNA3.1 mTagBFP2-DnaJB1-PKA.<"?" This paper N/A

pcDNA3.1 mCherry-PKA &4 This paper N/A

pcDNA3.1 mCherry-Myr-DnaJB1-PKA 4 This paper N/A

PcDNAS.1 mCherry-DnadB1-PKAcat This paper N/A

pcDNA3.1 mCherry-DnaJB1733A-PKA This paper N/A

pcDNA3.1 mCherry-Myr-DnaJB1H3%A-PKA This paper N/A

pLenti-puro Guan et al., 2011 Addgene plasmid #39481

pLenti Rla-EGFP This paper N/A

pLenti Rlop/ptinker-EGFP This paper N/A

pLenti Rloap/p+Linken-EGFP This paper N/A

pRSET B sfGFP This paper N/A

pRSET B Invitrogen Cat#V35120

pEvolvR-enCas9-Poll3M-TBD Halperin et al., 2018 Addgene plasmid #113077

pMD2.G Dull et al., 1998 Addgene plasmid #12259

psPAX2 Dull et al., 1998 Addgene plasmid #12260

PET-His6-SUMO-TEV-LIC-PKA Lu et al.,, 2019 N/A

PET-His6-SUMO-TEV-LIC-DnaJB1-PKA 4 Lu et al., 2019 N/A

PET-His6-EGFP-PKA 4t Lu et al., 2019 N/A

Software and Algorithms

MATLAB MathWorks https://www.mathworks.com/products/
matlab.html

PRISM Graphpad https://www.graphpad.com/scientific-
software/prism/

Adobe lllustrator Adobe https://www.adobe.com/products/
illustrator.html

ImageJ NIH https://imagej.nih.gov
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RESOURCE AVAILABILITY

Lead Contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Jin Zhang
(izhang32@ucsd.edu).

Materials Availability
Plasmids generated in this study will be made available through Addgene and can be shared upon request.

Data and Code Availability
The sequences for FluoSTEP-ICUE and FluoSTEP-AKAR have been uploaded onto GenBank (FluoSTEP-ICUE: MT800777.1; Fluo-
STEP-AKAR: MT800778.1).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell culture and transfection

HEK293A, HEK293T, and MEF cells were cultured in Dulbecco’s modified Eagle medium (DMEM, GIBCO) containing 1 g L~ glucose
and supplemented with 10% (v/v) fetal bovine serum (FBS, Sigma) and 1% (v/v) penicillin—streptomycin (Pen-Strep, Sigma-Aldrich).
AML12 cells were cultured in DMEM:F12 medium (Thermo Fisher) containing 10% FBS, 10 ng mL~" insulin, 5.5 pg mL~" transferrin,
5 ng mL~" selenium (ITS liquid media supplement, Sigma-Aldrich), and 40 ng mL~" dexamethasone (Sigma-Aldrich). All cells were
maintained in a 37°C incubator with a humidified 5% CO, atmosphere. Before transfection, HEK293A and HEK293T cells were plated
onto sterile poly-D-lysine coated 35-mm glass-bottomed dishes and grown to 50%-70% confluence. HEK293A and HEK293T cells
were then transfected using Polyjet (Signagen) and grown for an additional 16-24 h before imaging.

Neonatal rat ventricular myocytes were isolated from cardiac ventricles of 1- to 2-day-old male and female Sprague-Dawley rat
pups (Charles River) as described previously (Miyamoto et al., 2010). Neonatal myocytes were plated at a density of 3.0 x 10*
cm~2 on laminin-coated 35-mm glass-bottomed dishes and maintained in DMEM with 15% FBS overnight. Cells were transfected
24 h later using Polyjet for 48 h, with the media changed 24 h after transfection. Primary rat hippocampal neurons and glial cells were
harvested from male and female E19 Sprague-Dawley rat pups (Charles River) in ice-cold Hank’s Balanced Salt Solution (HBSS,
GIBCO) and were dissociated using the Papain Dissociation System with MgSO, and DNase | according to the manufacturer’s in-
structions. Dissociated neurons and glial cells were diluted to 200,000 cells mL~" and resuspended in Neurobasal medium (Thermo
Fisher) with 2% SM1 supplement (STEMCELL Technologies). Cells were plated onto 35-mm glass-bottom dishes coated with 100 nug
mL~" poly-D-lysine (Sigma) and cultured in a 37°C incubator with a humidified 5% CO, atmosphere. At 1 or 3 days in vitro, cells were
transfected with Lipofectamine LTX (Invitrogen) according to the manufacturer’s instructions in Neurobasal media and imaged after
48 h. All animals were treated in accordance with the UC San Diego Animal Care and Use Committee guidelines.

Generation of stable cell lines

To generate 293-Rla. cells, HEK293A cells were plated in 6-well plates. After 24 h, 1 ug of px459 plasmid (Ran et al., 2013) (gift of Feng
Zhang, Addgene plasmid #62988) (encoding Cas9, gRNA, and puromycin resistence gene) and 20 pmol of ssDNA ultramer HDR tem-
plate (Integrated DNA Technologies; Table S1) were transfected using Polyjet following the manufacturer’s protocol. Cells were
passaged 1 day after transfection into a 60-mm dish, and 1 pg mL~" puromycin was added 24 h later. When no viable cells remained
in the untransfected dish (around 2-3 days), the media was replenished without puromycin. Cells were passaged 24 h later and re-
suspended in sorting buffer (1 x DPBS with 0.5% BSA, 25 mM HEPES, 1 mM EDTA, pH 7, 2.5 ug mL~" of DNase | (Thermo Fisher))
with 0.1 pg mL~" DAPI (Thermo Fisher). Cells were sorted for DAPI-negative staining and plated as single cells in a 96-well plate using
a BD FACS Aria Il Cell Sorter. After 3 weeks of incubation, wells containing single-cell colonies were passaged, and DNA was ex-
tracted for genotyping using the DNeasy Blood & Tissue Kit (QIAGEN). Genomic PCR was performed using the Q5 High-Fidelity
Kit (New England Biolabs) and with primers listed in Table S1. To evaluate the copy number of correct gene edits, PCR products
were gel extracted using PureLink Quick Gel Extraction kit (Invitrogen), cloned into TOPO PCR vectors (Invitrogen), and subjected
to Sanger sequencing (Genscript).

Rlo null HEK293T cells were generated similarly to methods previously described (Ran et al., 2013), but with slight modifications.
When cells reached 70% confluency, cells were co-transfected with two px458 plasmids (Ran et al., 2013) (gift of Feng Zhang, Addg-
ene plasmid #48138) (Cas9, gRNA, and GFP) that target Rla. After 24 h of transfection, the cells were aspirated, washed with DPBS,
and filtered through a 35-um cell strainer. Cells with GFP signals were sorted into single cells in a 96-well plate using a BD FACS-
Jazz™ cell sorter. After single cells had grown into colonies, the cells were transferred to 60-mm cell culture plates. The correspond-
ing genomic DNA segment was PCR-amplified using primers listed in Table S1 to verify correct gene editing. Each colony was vali-
dated via western blotting and DNA sequencing.

Rlea null MEF cells were generated previously (Day et al., 2011). Rl null AML12 (ATCC) cells were generated similarly to Rla knock-
out HEK293T cells, except the gRNAs differ, and the corresponding genomic DNA segment to verify correct gene editing was PCR
amplified using primers listed in Table S1. To generate stable Rla. null MEF and AML12 cells with exogenously expressed Rla
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mutants, lentiviruses were made by transfection of pLenti backbone versions of Rla. mutants with the packaging vectors pMD2.G (gift
of Didier Trono, Addgene plasmid #12259) and psPAX2 (gift of Didier Trono, Addgene plasmid #12260) (Dull et al., 1998) into
HEK2983T cells. At 24 h after transfection, HEK293T cells were replenished with fresh media. After an additional 2 days, supernatant
was collected and sterile-filtered through a 0.45 pm filter. Rla. null MEF and AML12 cells were infected with lentiviruses and under-
went FACS.

METHOD DETAILS

Plasmid construction

Rl CRISPR constructs

All plasmids are in the pcDNA3.1 backbone unless specified and all primers used to generate plasmids are listed in Table S1. All con-
structs were verified by Sanger sequencing (Genscript). The vector expressing both gRNA and Cas9 in the px459 v2.0 backbone
(px459) (Ran et al., 2013) was generated using Golden Gate cloning as previously described (Adikusuma et al., 2017). To construct
gRNA expression vectors for generation of the 293-Rla cell line, the 20-bp target sequence was sub-cloned into px459. To generate
Rla null HEK293T cells, two designed guide sequences that specifically target the human Rla gene were each cloned into the sgRNA
scaffold in px458 (Ran et al., 2013). For Rla null AML12 cells and MEFs, two designed guide sequences that specifically target the
mouse Rlo gene were each cloned into the sgRNA scaffold in px458.

Fluorescent protein-tagged Rla constructs

EGFP-RIa and mCherry-PKA . were generated previously (Day et al., 2011). mRuby2-Rla. was generated via PCR amplification of
mRuby2 from pcDNA3-AKAR2-CR (Lam et al., 2012) (gift of Michael Lin, Addgene plasmid #40255) and Rla from the Rla-EGFP
plasmid backbone, followed by Gibson assembly using the NEBuilder Hi-Fi DNA Assembly Cloning Kit (New England Biolabs).
mTagBFP2-Rla was generated by Gibson assembly of PCR products amplified from pBAD-mTagBFP2 (Subach et al., 2011) (gift
of Vladislav Verkusha, Addgene plasmid #34632). Rlo. mutants C-terminally tagged with either EGFP or mRuby?2 were generated
via Gibson assembly of PCR products amplified from Rla-EGFP or Rle-mRuby2. mTagBFP2-PKA,: was constructed by Gibson as-
sembly of PCR products amplified from pBAD-mTagBFP2 (Subach et al., 2011).

FluoSTEP sensor constructs

pcDNA3.1-GFP4_1o (Leonetti et al., 2016) was a gift from Bo Huang (Addgene plasmid #70219). To construct FluoSTEP-AKAR,
mRuby2 was PCR-amplified from AKAR2-CR (Lam et al., 2012) and the FHA1 and PKA substrate were PCR-amplified from
AKAR4 (Depry et al., 2011) (Addgene plasmid #61619). The resulting PCR fragments were Gibson assembled into Hindlll- and
EcoRI-digested pcDNA3.1 GFP_o. FluoSTEP-ICUE was constructed similarly, except that Epac1'4®8" was PCR-amplified from
ICUES (DiPilato and Zhang, 2009) (Addgene plasmid #61622). FluoSTEP-AKAR (T/A) was constructed by Gibson assembly of
PCR products amplified from FluoSTEP-AKAR. FluoSTEP-ICUE R279E was constructed by Gibson assembly of PCR products
amplified from FluoSTEP-ICUE.

ICUE4 and related constructs

To construct ICUE4, the Q270E point mutation was introduced using site-directed mutagenesis of ICUES3 (DiPilato and Zhang, 2009).
To construct PDE4D2,,-ICUE4, PDE4D28%4'8 vas PCR-amplified from PDE4D2 cDNA (gift from Hengming Ke, UNC, Chapel Hill,
NC), and the ICUE4 backbone was PCR-amplified. The resulting PCR fragments were Gibson assembled. Rla-ICUE4 was con-
structed by Gibson assembly of PCR products amplified from Rla-EGFP and ICUE4. Rlop,p.1 inker-l CUE4 was constructed similarly
to Rla-ICUE4 using PCR products amplified from Rlop,p.inker-EGFP.

Red-green ICUE sensor constructs

To construct red-green ICUE (RG-ICUE), mRuby2 was PCR-amplified from AKAR2-CR (Lam et al., 2012), superfolder GFP (sfGFP)
was PCR-amplified from pcDNA3.1 GFP4_1o, and Epac1'4°88 was PCR-amplified from ICUES3 (DiPilato and Zhang, 2009). The re-
sulting PCR fragments were Gibson assembled. To tag Rla with the RG-ICUE sensor, Rla. was PCR-amplified from Rla-EGFP
construct and RG-ICUE was PCR-amplified. The resulting PCR fragments were Gibson assembled.

PKA_.; mutant constructs

mCherry-DnaJB1-PKA:.: was generated using DNA gBlock segments (Table S1) designed and synthesized with connecting se-
quences at the 5’ ends, connecting sequences at the 3’ ends, and -GSGS- linkers in between DnaJB1-PKA.,;: and mCherry, which
were Gibson assembled into Hindlll- and Xbal-digested pcDNA3.1. mCherry-tagged DnaJB1-PKA<"?" was constructed by
Gibson assembly of PCR products amplified from mCherry-tagged DnadB1-PKA.,;.. mTagBFP2-tagged DnaJB1-PKA.,;; and
DnaJB1-PKA.,<"?" plasmids were constructed by Gibson assembly of PCR products amplified from mCherry-tagged DnaJB1-
PKAat of DnaJB1-PKAK"2", respectively, and from pBAD-mTagBFP2 (Subach et al., 2011). mCherry-tagged PKA.,C'* was
generated via Q5 site-directed mutagenesis (New England Biolabs). mCherry-tagged myristoylated-DnaJB1-PKAat, which contains
only the first 8 amino acids of wild-type PKA,4 (first 8 amino acids of Ca1, an isoform of PKA.4;, aligns with the consensus myristoy-
lation sequence; Tillo et al., 2017; Udenwobele et al., 2017), was constructed by Gibson assembly of PCR products amplified from
PKAat. mCherry-tagged DnaJB1733@-PKA_ (Turnham et al., 2019) was constructed by Gibson assembly of PCR products amplified
from mCherry-DnaJB1-PKA,. mCherry-myristoylated DnaJB1"339-PKA_, was constructed by Gibson assembly of PCR products
amplified from mCherry-tagged myristoylated DnaJB1-PKA.,; using the same primers described above for the H33Q J-domain
mutation.
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Lentiviral constructs

pLenti backbone versions of Rla mutants tagged with EGFP were constructed by Gibson assembly of PCR products amplified from
pLenti-puro (Guan et al., 201 1) (gift of le-Ming Shih, Addgene plasmid #39481) and the respective pcDNA3.1 versions of Rlo. mutants.
Construct to purify superfolder green fluorescent protein

sfGFP in pRSET B was constructed by Gibson assembly of PCR products amplified from pEvolvR-enCas9-PollI3M-TBD (Halperin
et al., 2018) (gift from John Dueber & David Schaffer, Addgene plasmid #113077) to amplify sfGFP and from pRSET B (Invitrogen)
to amplify the pRSET B backbone.

Disorder and charge predictions of Rla

Disorder of full-length human Rla. was predicted using PONDR (http://www.pondr.com/), which predicted that residues 63-105 and
264-320 are intrinsically disordered regions. The single-amino-acid and average (sliding window of 10 AA) charge distributions along
the primary sequence were analyzed using EMBOSS (http://www.bioinformatics.nl/cgi-bin/emboss/charge), which predicted
various regions to have high charge imbalance, such as the highly positively charged region of residues 81-96.

Cell counting to measure cell proliferation
MEF and AML12 stable cell lines were seeded in 6-wells plates at 10,000 cells/well. Cell numbers were quantified using a Countess Il
cell counter (Life Technologies) each day for 7 days.

BrdU staining to measure cell proliferation

MEF and AML12 stable cell lines were seeded on 35-mm glass-bottomed dishes at 10,000 cells/dish. At 48 h after plating, cells were
treated with 10 uM BrdU (Invitrogen) for 4 h. Cells were washed twice with PBS and fixed with 3.7% formaldehyde in PBS. MEF and
AML12 cells were imaged following application of standard immunofluorescence protocols: Triton X-100 permeabilization, 1 N and
2 N HCl addition, anti-BrdU primary antibody addition (1:100, Invitrogen), anti-mouse Alexa Fluor 647 (1:1000, Invitrogen), and 100 ng
mL™" DAPI nuclear staining.

Soft agar colony formation assay to assess cell transformation

Soft agar colony formation assays were performed as described previously (Borowicz et al., 2014). Briefly, 6-well plates were pre-
pared containing 0.5% Noble Agar (Thermo Fisher) and 2X concentration of the respective cell media. After the agar solidified,
0.3% Noble Agar containing 5000 cells was applied on top of the 0.5% Noble Agar layer. MEFs and AML12 cells in soft agar
were cultured in a 5% CO, incubator for several weeks with 200 pL of the respective culture media added on top of the gel twice
per week. Visible colonies appeared after 3 (MEFs) to 4 weeks (AML12 cells) and were photographed using a Canon EOS 5D
Mark lll DSLR camera (Canon USA).

Protein purification

Recombinant Rla. and RIIB were purified as described previously (Bastidas et al., 2012; Bruystens et al., 2014) with slight modifica-
tions. Constructs were transformed into Escherichia coli BL21 (DE3) cells and inoculated in LB media with 100 pg mL~" ampicillin.
Cultures were induced at ODggg = 0.6-0.8. After 16 h of expression under 0.5 mM IPTG at 16°C, the cell pellets were collected and
then re-suspended and lysed in lysis buffer (20 mM MES, pH 6.5, 100 mM NaCl, 2 mM EDTA, 2 mM EGTA, and 5 mM DTT plus pro-
tease inhibitors and 10 uM 3-isobutyl-1-methylxanthine (IBMX)). The supernatant was collected after high-speed centrifugation
(13,000 rpm, 1 h) and incubated overnight with cAMP-resin at 4°C. After centrifugation (3,000 rpm, 10 min) and removal of the su-
pernatant, the resin was then washed sequentially with lysis buffer, wash buffer (20 mM MES, pH 6.5, 600 mM NaCl, 2 mM
EDTA, 2 mM EGTA, and 5 mM DTT), and lysis buffer again. The proteins were eluted using elution buffer (20 mM MES, pH 5.5,
100 mM NaCl, 30 mM cGMP, 2 mM EDTA, 2 mM EGTA, and 5 mM DTT). The eluted proteins were then concentrated and further
purified on an S-200 gel filtration column in 50 mM MES, pH 5.8, 200 mM NaCl, and 5 mM DTT.

PKA.: and DnadB1-PKA.,; were each generated previously (Lu et al., 2019). The constructs were transformed into Rosetta pLysS
(DE3) cells and inoculated in LB media with 50 ug mL~" kanamycin. Cultures were induced at ODggo = 0.6-0.8. After 16 h of expression
under 0.5 mM IPTG at 18°C, the pellets were collected and then re-suspended and lysed in lysis buffer (20 mM Tris-Cl, pH 8.0,
300 mM NaCl, and 5 mM B-mercaptoethanol (BME)). The supernatant was collected after high-speed centrifugation (13,000 rpm,
1 h) and then passed through Ni-resin. The resin was then washed with 3 column volumes (CVs) of wash buffer (20 mM Tris-Cl,
pH 8.0, 300 mM NaCl, 10 mM imidazole, and 5 mM BME), and the proteins were eluted by adding 3 CVs of elution buffer (20 mM
Tris-Cl, pH 8.0, 300 mM NacCl, 500 mM imidazole, and 5 mM BME). The eluent was collected and supplemented with Hisg-tagged
Ulp1 (Guerrero et al., 2015) (gift of Hideo lwai, Addgene plasmid #64697), Ubiquitin-like-specific protease 1 (molar ratio SUMO-
PKA¢at or SUMO-DnaJB1-PKA ,:UIp1 = 200:1). The solution was dialyzed (20 mM Tris-Cl, pH 8.0, 300 mM NaCl, and 5 mM
BME) overnight at 4°C. The cleaved tag, Hisg-tagged Ulp1, and uncleaved protein were removed by passing the solution back
through the Ni-resin. After collection of the flow-through, the proteins were further purified by S-75 gel filtration in 20 mM MES,
pH 6.5, 300 mM NaCl, and 5 mM BME.

To purify EGFP-PKA4t, we used pET-Hisg-EGFP-PKA .1, which was constructed previously (Lu et al., 2019) and fuses EGFP to
Hisg with a -GSS- linker and EGFP to PKA.,: with a -GSAGSAAGSGEF- linker. The plasmid was transformed into Rosetta pLysS
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(DE3) cells and inoculated in LB media with 50 ug mL~" kanamycin. Cultures were induced at ODggo = 0.6-0.8. After 16 h of expression
under 0.5 mM IPTG at 18°C, the pellets were collected, re-suspended, and lysed in lysis buffer (20 mM Tris-Cl, pH 8.0, 300 mM NaCl,
and 5 mM BME). The supernatant was collected after high-speed centrifugation (13,000 rpm, 1 h) and then passed through Ni-resin.
The resin was then washed with 3 CVs of wash buffer (20 mM Tris-Cl, pH 8.0, 300 mM NaCl, 10 mM imidazole, and 5 mM BME), and
proteins were eluted by adding 3 CVs of each elution buffer (20 mM Tris-Cl, pH 8.0, 300 mM NacCl, 50-500 mM imidazole, and 5 mM
BME). After collection of the eluent, the protein was further purified via S-75 gel filtration in 20 mM MES, pH 6.5, 300 mM NaCl,
5 mM BME.

After purification, all aforementioned proteins were dialyzed into liquid droplet preparation buffer (150 mM KCI, 1 mM MgCl,,
20 mM HEPES, pH 7.0, 1 mM EGTA, 1 mM DTT, 0.5 mM ATP, final pH 7.0) and concentrated using Amicon Ultra-15 centrifugal filters
(Millipore). Protein concentrations were measured using the Pierce BCA protein assay kit (Thermo Fisher).

To purify sfGFP, the pRSET B sfGFP construct was transformed into Escherichia coli BL21 (DE3) cells and inoculated in LB media
with 100 pg mL~" ampicillin. Cultures were induced at ODggg = 0.6-1.0. After 6 h of expression under 0.5 mM IPTG at 37°C, the cell
pellets were collected, re-suspended in lysis buffer (50 mM Tris, pH 7.4, 300 mM NacCl) containing 1 mM PMSF and Complete EDTA-
free Protease Inhibitor Cocktail (Roche), and lysed by sonication. Following centrifugation at 25,000 x g for 30 min at 4°C, the clarified
lysate was loaded onto an Ni-NTA column, washed with wash buffer (50 mM Tris, pH 7.4, 300 mM NaCl, 10 mM imidazole), and then
eluted using an imidazole gradient (20-200 mM in lysis buffer). The eluted proteins were then concentrated, and the sfGFP protein
concentration was measured via BCA assay and absorbance.

In vitro liquid droplet assays

Allliquid droplet formation assays were performed in 150 mM KCI (unless specified), 5 mM MgCl,, 10 uM cAMP (as indicated), 20 mM
HEPES, pH 7.0, 1 mM EGTA, 1 mM DTT, 0.5 mM ATP, and 100 mg/ml Polyethylene Glycol 4000 (unless specified). Purified proteins
were incubated at different stoichiometries and at various concentrations at room temperature for 1 h and imaged under DIC and/or
fluorescence microscopy.

Fluorescent protein intensity calibration to measure Rla concentrations

Puncta Rla concentrations were estimated based on calibration of fluorescent protein intensity on the same imaging system used to
generate the data shown in Figures 1A, 1B, 2, 3, 4, 5, S1, S2, S3, S4, and S5. Briefly, known concentrations of purified sSfGFP were
loaded in glass capilary tubes and imaged under the same illumination conditions used for live-cell imaging experiments. The result-
ing intensity images were used to construct a standard curve and calculate a calibration constant (i.e., number of sfGFP molecules
per camera count) for the system. Using this value, we then estimated the Rla. concentration in each fluorescent puncta in each cell
based on the measured area and the mean intensity value, assuming spherical puncta.

Fluorescence recovery after photobleaching

Cells were imaged using a Nikon A1R HD confocal with a four-line (405 nm, 488 nm, 561 nm, and 640 nm) LUN-V laser engine and
DU4 detector using bandpass and long-pass filters for each channel (450/50, 525/50, 595/50 and 700/75) mounted on a Nikon Ti2
using an Apo 100x 1.49 NA objective and operated using NIS Elements software. Image stacks were acquired in Galvano mode with
unidirectional scanning with a 488 nm laser at 1.5% power with a frame size of 512 x 512 at scan zoom, 1 frame per second (fps), and
97.1 um pinhole size. Small regions of interest (ROIs) for stimulation were drawn over the punctate structures and in the cytosol. The
total FRAP series contained 3 images before bleaching (obtained at 2 s intervals), 2 cycles of ROI bleaching with the 488 nm laser at
100% laser power (5 frames at 1 fps), and 2 min of continuous acquisition to monitor fluorescence recovery.

Time-lapse epifluorescence imaging

Cells were washed twice with HBSS and subsequently imaged in HBSS in the dark at 37°C. Forskolin (Fsk; Calbiochem), 3-isobutyl-
1-methylxanthine (IBMX; Sigma), rolipram (Rol; Alexis), myristoylated PKI 14-22 amide (Myr-PKI; Tocris), isoproterenol (Iso; Sigma),
and 1,6-hexanediol (Hex; Sigma-Aldrich) were added as indicated. Epifluorescence imaging was performed either on a Zeiss Axio-
vert 200M microscope (Carl Zeiss) equipped with a xenon lamp, a 40x/1.3 NA objective and a cooled CCD or on a Zeiss AxioObserver
Z1 microscope (Carl Zeiss) equipped with a 40x/1.3 NA objective and a Photometrics Evolve 512 EMCCD (Photometrics), both
controlled by METAFLUOR 7.7 software (Molecular Devices). For the Zeiss Axiovert 200M, the following excitation/emission filter
combinations (center/bandwidth in nm) were used: BFP - EX380/10, EM475/25; CFP - EX420/20, EM475/25; GFP - EX480/30,
EM535/45; YFP - EX495/10, EM535/25; RFP - EX568/55, EM653/95; CFP/YFPFRET - EX420/20, EM535/25; GFP/RFPFRET -
EX480/30, EM653/95. For the Zeiss AxioObserver Z1, the following excitation/emission filter combinations were used: GFP -
EM480/30, EX535/45. All filter sets were alternated using a Lambda 10-2 filter-changer (Sutter Instruments). Exposure times were
50 (for acceptor direct channel) and 500 ms (for all other channels), with the EM gain set to 20 for the AxioObserver Z1 microscope,
and images were acquired every 30 s. All epifluorescence experiments were subsequently analyzed using METAFLUOR 7.7
software. DIC images were acquired on the Zeiss Axiovert 200M microscope. Brightfield images were acquired on an eVos FL
cell imaging system (Thermo Fisher).
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QUANTIFICATION AND STATISTICAL ANALYSIS

FRET biosensor analysis

Raw fluorescence images were corrected by subtracting the background fluorescence intensity of a cell-free region from the emis-
sion intensities of biosensor-expressing cells. Green/red, red/green, or cyan/yellow emission ratios were then calculated at each time
point (R). For some curves, the resulting time courses were normalized by dividing the emission ratio at each time point by the basal
ratio value at time zero (R/Rg), which was defined as the emission ratio at the time point immediately preceding drug addition (R).
Normalized-to-time-zero ratio changes (R/R) from drug stimulation (AR/R, (drug)) were reported for some of the bar graphs and were
calculated as (Rarug — Ro)/Ro, Where Ryyg is the emission ratio at the last time point after the corresponding drug addition. For
PDE4D2.,-ICUE4 curves, the resulting time courses were normalized to the maximum ratio change (AR/ARax) by calculating (R
— Ro)/(Rmax — Ro), where Rax is the maximum emission ratio value recorded after all stimulations. Graphs were plotted using Graph-
Pad Prism 8 (GraphPad).

Quantification of cellular puncta
For analysis of puncta number, cell images were individually thresholded and underwent particle analysis with circularity and size cut-
offs in ImageJ.

Calculations for the apparent diffusivity of cAMP

The circular FRAP regions were saved and the radius (r) was calculated from the area. Time-to-half maximum values (t;,2) were ac-
quired from ImagedJ data processing tools. Since the FRAP regions were circular, the apparent diffusivity (D) is calculated from the
following equation (Kang et al., 2012):

p
Dapp = 0.224
ti)2

Statistics and reproducibility

Statistical analyses were performed in GraphPad Prism 8 (GraphPad). All data were assessed for normality. For normally distributed
data, pairwise comparisons were performed using unpaired two-tailed Student’s t tests, with Welch’s correction for unequal vari-
ances used as indicated. Comparisons between three or more groups were performed using ordinary one-way analysis of variance
(ANOVA). For data that were not normally distributed, pairwise comparisons were performed using the Mann-Whitney U test, and
comparisons between multiple groups were performed using the Kruskal-Wallis test. Statistical significance was set at p < 0.05.
Average time courses shown in Figures 1C; 3B, 3C, 3E, 3G, and 3H (curves); 4B-4D (curves); 5E (curves); S1A; S3A, S3B, S3D,
and S3F (curves); and S4B, S4D, S4E, and S4H-S4K (curves) are representative of at least 3 independently repeated experiments.
Average time courses and bar graphs shown in Figures 1D; 2B and 2F; 3B-3H (bar graphs); 4B-4D (bar graphs); 5B-5D, 5E (bar
graphs), and 5F-5H; S1C-S1E; S2B-S2H; S3C, S3D (bar graph), S3F, and S3G; S4B (bar graph), S4F-S4J (bar graphs), and S4L;
and S5E-S5G combined datasets from at least 3 independent experiments, unless otherwise stated.

Throughout the paper, ***p < 0.0001 and {1{1p < 0.0001. Kruskal-Wallis test followed by Dunn’s multiple comparisons test was
performed for Figures 2B (* versus wild-type Rla. and { versus A(D/D+linker)), 5D (1, versus the corresponding DnaJB1-PKAq,: +
Rl column), S2B (versus wild-type Rla), and S5F (versus WT). Unpaired two-tailed Student t tests were performed for Figures
3D, 3F, 5E, S3D, S4B, S4F, and S4L, and Welch’s correction was applied for Figures 3B, 3C, 3E, 3G, 3H, 4B-4D, 5B, and S4H-
S4J. Unpaired two-tailed Mann-Whitney U-tests were performed for Figures 5D (*, —Fsk versus +Fsk), S2D, and S2F. Ordinary
one-way ANOVA followed by Dunnett’s multiple comparisons test was performed for Figures 5G, 5H, and S5G (all versus WT)
and followed by Tukey’s multiple comparisons test for Figure S4G. A one-sample t test versus a hypothetical value of 1 was per-
formed for Figure S5E.
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Figure S1. Additional Characterization of Rla Phase-Separated Bodies, Related to Figure 1

(A) FRAP of a region within an Rla puncta (blue curve) compared with an entire Rla. puncta (red curve) in HEK293T cells transfected with Rla-EGFP. Curves show
average time course of normalized fluorescence intensity. Solid lines indicate the mean; shaded areas, SEM.

(B) Representative in vitro phase diagram of Rla liquid droplet formation at varying concentrations of KCI. Each condition was assessed at least twice.

(C-E) Average size of (C), percent volume occupied by (D), and Rla. concentrations inside Rla droplets (E) in 293-Rla. cells transfected with GFP4_1o (endogenous)
or in vitro Rle. droplets (in vitro) (50 uM Rla. + 12.5 uM PKA.y). Analyses were performed before and after 50 uM Fsk stimulation (endogenous) or 10 uM cAMP
addition (in vitro) (endogenous: —cAMP: n = 21 puncta from 8 cells, +cAMP: n = 34 puncta from 8 cells; in vitro: —cAMP: 93 droplets, +cAMP: 34 droplets). Violin
plots show the median and quartiles as solid and dashed lines, respectively.

(F-H) RIa. phase separation occurs in various cell types. Representative fluorescence images of EGFP-Rla-expressing (F) neonatal rat ventricular myocytes, (G)
astrocytes, and (H) dissociated primary embryonic rat hippocampal neurons grown for 3 days in vitro (outline indicates cell shape; inset, zoomed image) showing
Rla. puncta formation. Scale bars, 10 um.
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Figure S2. Rla Phase Separation Requires the D/D Domain and Linker Region and Is Regulated by PKA_,; and cAMP, Related to Figure 2
(A) Domain structure of Rla. (D/D: docking/dimerization domain, IS: inhibitory sequence, CNB-A: cAMP binding domain A, N3, a motif at the beginning of CNB-A;
CNB-B: cAMP binding domain B) and the various truncation mutants used in this study.

(B) Comparison of the number of basal Rla. puncta per cell in cells expressing PKAq,: plus either wild-type Rla or various Rla. mutants. Deletion of either the D/D
domain or linker region greatly reduced the number of Rla puncta per cell.

(C-E) Comparison of the number of basal and Fsk-stimulated Rla. puncta in HEK293T cells expressing mCherry-tagged PKA.a: plus EGFP-tagged Rloap/p.Linker
(C), Rlaap,p (D), or Rlopinker (E) and stimulated with 50 uM Forskolin (Fsk).

(F) Comparison of the number of Rla puncta per cell in 293-Rla cells with or without PKA,: overexpression and stimulated with 50 M Fsk. Overexpressing PKAq4t
decreases the basal Rla. puncta number.

(G and H) Comparison of the number of Rla (G) and PKA.,: puncta (H) per cell in HEK293T cells expressing EGFP-Rla and mCherry-PKA.,; and treated with 50 uM
Fsk, 10 uM isoproterenol (Iso), or 20 uM myrisotylated-PKI (Myr-PKI) 20 min after 50 uM Fsk addition. Fsk and Iso dynamically increase the numbers of both Rla
and PKAg,: puncta while Myr-PKI treatment following Fsk stimulation has no effect.

Horizontal lines in (B)-(F) indicate mean + SEM. Bars in (G) and (H) indicate mean + SEM. ****p < 0.0001 versus Rla; Kruskal-Wallis test followed by Dunn’s
multiple-comparisons test.
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Figure S3. Additional Characterization of FluoSTEP-AKAR and FluoSTEP-ICUE, Related to Figure 3

(A and B) Testing the specificity of FluoSTEP-AKAR and FluoSTEP-ICUE. Representative whole-cell average time courses showing (A) the red/green (R/G)
emission ratio of either FluoSTEP-AKAR (red curve) or FluoSTEP-AKAR T/A (blue curve) or (B) the green/red (G/R) emission ratio of either FluoSTEP-ICUE (red
curve) or FIuoSTEP-ICUE R279E (blue curve) in 293-Rle. cells stimulated with 50 uM Fsk.

(C) Characterizing the dose-response behavior of G/R-ICUE. HEK293T cells were pretreated with 100 pM MDL-12330A followed by the indicated concentrations
of 8-Br-2’-O-Me-cAMP-AM.

(D) Targeting to puncta does not affect the G/R-ICUE response. Left: Representative average time courses of G/R emission ratio changes in HEK293T cells
transfected with Rla-G/R-ICUE and stimulated with 100 uM MDL-12330A (MDL) followed by 200 uM 8-Br-2'-O-Me-cAMP-AM (n = 10 puncta and 10 diffuse
regions from 10 cells). Rla. puncta regions (blue curve) and non-puncta regions (red curve) were analyzed separately. Right: Maximum raw emission ratio changes
upon 8-Br-2’-0O-Me-cAMP-AM treatment (n = 24 puncta and 24 diffuse regions from 24 cells).

(E) When added to 50 uM purified Rla, 10 pM dye-labeled cAMP analog (8-®-450-cAMP) preferentially localized within Rla droplets, with 99% + 0.33% of cAMP
in the droplets. Scale bar, 10 um.

(F) cAMP FRAP experiments using dye-labeled cAMP reveal much slower fluorescence recovery within Rla. droplets (Puncta) versus when cAMP is alone in
solution (Diffuse; inset).

(G) Apparent diffusion coefficients of puncta-localized or diffuse cAMP calculated from FRAP experiments.

Solid lines in (A), (B), (D), and (F) indicate the mean; shaded areas, SEM. Error bars in (C), (D) and (G) depict mean + SEM.
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Figure S4. Rla Phase Separation Plays a Crucial Role in Maintaining PDE-Mediated cAMP Compartmentation, Related to Figure 4

(A and B) Characterizing the improved cAMP sensor ICUE4. (A) Domain structures of ICUE3 and ICUE4. (B) Representative average time courses of the cyan/
yellow (C/Y) emission ratio in HEK293T cells expressing either ICUE3 (blue curve) or ICUE4 (red curve) and stimulated with 25 uM Fsk. Inset: Comparison of the
maximum C/Y emission ratio responses of ICUE3 and ICUE4 after 25 pM Fsk stimulation. ***p < 0.0001; unpaired-two-tailed Student’s t test.

(C) PDE4D2.,; tethering does not affect the ICUE4 response. HEK293T cells expressing ICUE4 (blue curve) or PDE4D2,,-ICUE4 (red curve) were stimulated with
different doses of forskolin (Fsk) in the absence (ICUE4) or presence (PDE4D2-ICUE4) of the PDE4 inhibitor rolipram. Points indicate mean + SEM.

(D and E) Representative average time courses of the C/Y emission ratio in HEK293T cells expressing ICUE4 (D) or ICUE4 plus mRuby2-Rla (E) with (red curve)
and without (blue curve) 1,6-hexanediol treatment (added at t = 0 in the red curve) followed by 50 uM Fsk and then 100 uM IBMX. Hexanediol treatment induces a

(legend continued on next page)
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gradual increase in the ICUE4 C/Y emission ratio compared with control (blue curve) but has little effect on the maximum stimulated ICUE4 responses (see insets
showing responses normalized to Fsk addition).

(F) Comparison of the raw C/Y emission ratio of cytosolic ICUE4 immediately prior to Fsk stimulation with and without hexanediol treatment in HEK293T cells with
endogenously expressed Rla (endo Rla) or Rla overexpression (Rla OX). ****p < 0.0001; unpaired two-tailed Student’s t test.

(G) Top: Comparison of the raw initial C/Y emission ratios of PDE4D2.,-ICUE4 in HEK293T cells with endogenously expressed Rla (endo Rla), Rla over-
expression (Rla OX), or Rla knockout (Rl KO). Bottom: Comparison of the raw initial C/Y emission ratios of PDE4D2,,-ICUE4 in Rlo. knockout HEK293T cells
expressing wild-type Rla, Rlap/piLinkers OF Rloap/piLinker- “*P < 0.0001; ordinary one-way ANOVA followed by Tukey’s multiple comparisons test.

(H-J) Left: Representative average time courses of the C/Y emission ratio (normalized to max) of PDE4D2,;-ICUE4-transfected Rlo. KO HEK293T cells co-
expressing mRuby2-Rla (+Rle) (H), mMRuby2-Rlop,p . Linker (+Rlo/p4 Linker) (1), of MRUbY2-Rlaiap,/pLinker (+Rlap/p4Linker) (J) With (red curve) and without (blue curve)
hexanediol pretreatment and stimulation with 50 pM Fsk, 1 uM rolipram (Rol), and 100 uM IBMX. Right: Bar graphs showing the average normalized-to-max
PDE4D2.,:-ICUE4 (C/Y) emission ratio after Fsk stimulation for each condition. ****p < 0.0001; unpaired two-tailed Student’s t test with Welch’s correction.

(K and L) Additional examination of cCAMP levels inside and outside Rla droplets. Rla KO HEK293T cells expressing ICUE4 tethered to either full-length Rla
(Rlo-ICUEA) (left) or Rlaip/p Linker (Rlain/p+Linker-l CUE4) (right), which phase separates but does not bind to cAMP, were stimulated with 50 uM Fsk and then 100 uM
IBMX. Rla puncta (red curve) and diffuse regions (blue curve) were analyzed separately. Representative average time courses of C/Y emission ratio (K) and
maximum Fsk-stimulated ratio changes (L) are shown. Consistent with FluoSTEP imaging, these results suggest that cAMP levels are substantially higher in Rlo.
droplets, which depends on the cAMP-binding capabilities of Rle.. ***p < 0.0001; unpaired two-tailed Student’s t test.

Solid lines in (B), (D), (E), and (H)-(K) indicate the mean; shaded areas, SEM. Error bars in (C), (G), (H)-(J), and (L) depict mean + SEM. Violin plots in (B) and (F) show
the median and quartiles as solid and dashed lines, respectively.
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Figure S5. DnaJB1-PKA_,: Abolishes Rla Phase Separation, and Loss of Rla. Phase Separation Leads to Tumorigenic Phenotypes, Related to
Figure 5

(A) Representative in vitro phase diagram of Rla liquid droplet formation as a function of Rl and DnadB1-PKA.,: concentration in the absence (top) or presence
(bottom) of 10 uM cAMP, showing that DnaJB1-PKA_,; disrupts Rla phase separation. Each condition was assessed at least twice.

(B) Purified Rla,, PKA4t, PKA type Il regulatory subunit (RIIB), or DnaJB1-PKA.,; at the indicated concentrations were incubated in liquid droplet buffer to assess
in vitro liquid droplet formation. Only Rla showed droplet formation. Scale bars, 10 um.

(C) DnadB1-PKA.,: disrupts Rla puncta formation in cells. Representative fluorescence images of HEK293T cells transfected with EGFP-RIla and either
mTagBFP2-tagged DnadB1-PKA.,: (upper images) or DnaJB1 -PKAGa<"?" (JB1-Cati"?" lower images) before (t = 0 min, top) or after (t = 20 min; bottom) 50 uM
Fsk addition. Scale bars, 10 um.

(legend continued on next page)
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(D) Representative photographs of AML12 cell (top) or mouse embryonic fibroblast (MEF) colonies (bottom) embedded in soft-agar in 6-well plates for each
condition. Mutations that disrupt Rla. phase separation also promote anchorage independent cell growth. Scale bar, 10 mm.

(E-G) Loss of Rla phase separation or cAMP sequestration promotes tumorigenic phenotypes in MEFs. Rla null cells were transfected with Rlop,p. Linker, Which
permits Rla. phase separation but lacks cAMP binding, or Rlao/p-Linker, Which retains cAMP binding but lacks phase separation. (E) Average fold-change in cell
count for MEFs under different conditions after 1 week of growth. Data were analyzed using the Kruskal-Wallis test followed by Dunn’s multiple comparisons test.
(F) Average percentage of BrdU+ MEFs. Data were analyzed using the Kruskal-Wallis test followed by Dunn’s multiple comparisons test (versus WT). (G) Average
number of colonies larger than 500 um? grown in soft agar. ****p < 0.0001; ordinary one-way ANOVA followed by Dunnett’s multiple comparisons test. Bars in (E)-
(G) indicate mean + SEM.
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