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C E L L  B I O L O G Y

Epac1 activation by cAMP regulates cellular 
SUMOylation and promotes the formation of 
biomolecular condensates
Wenli Yang1,2, William G. Robichaux III1,2, Fang C. Mei1,2, Wei Lin1,2, Li Li2, Sheng Pan2,  
Mark A. White3,4, Yuan Chen5, Xiaodong Cheng1,2*

Protein SUMOylation plays an essential role in maintaining cellular homeostasis when cells are under stress. However, 
precisely how SUMOylation is regulated, and a molecular mechanism linking cellular stress to SUMOylation, 
remains elusive. Here, we report that cAMP, a major stress-response second messenger, acts through Epac1 as a 
regulator of cellular SUMOylation. The Epac1-associated proteome is highly enriched with components of the 
SUMOylation pathway. Activation of Epac1 by intracellular cAMP triggers phase separation and the formation of 
nuclear condensates containing Epac1 and general components of the SUMOylation machinery to promote cellular 
SUMOylation. Furthermore, genetic knockout of Epac1 obliterates oxidized low-density lipoprotein–induced cellular 
SUMOylation in macrophages, leading to suppression of foam cell formation. These results provide a direct nexus 
connecting two major cellular stress responses to define a molecular mechanism in which cAMP regulates the 
dynamics of cellular condensates to modulate protein SUMOylation.

INTRODUCTION
Protein SUMOylation is a highly conserved and dynamic posttrans-
lational modification and plays important roles in maintaining 
cellular homeostasis. SUMOylation regulates numerous cellular pro-
cesses, including transcription, chromatin organization, DNA repair, 
macromolecular assembly, and signal transduction (1). While 
SUMOylation has long been associated with stress responses, inte-
grating a diverse array of cellular stress signals that trigger rapid 
increases in global protein SUMOylation (2–5), how these cellular 
stresses promote SUMOylation remains a mystery. In addition, 
unlike ubiquitination that is tightly regulated by a large number of 
ubiquitin processing enzymes, including 2 E1 ubiquitin-activating 
enzymes, 30 to 50 E2 ubiquitin-conjugating enzymes and more than 
600 E3 ubiquitin ligases (6), protein SUMOylation is controlled 
by a single pair of SUMO-activating enzyme (AOS1/UBA2) E1/
SUMO-conjugating enzyme (UBC9) E2 and a minimal set of vali-
dated E3 ligases (7). The scarcity of SUMO ligases, which are often 
not required for SUMOylation, suggests that SUMOylation is chiefly 
controlled globally at the level of E1/E2. However, a general mecha-
nism for the regulation of cellular SUMOylation is lacking.

The adenosine 3′,5′-monophosphate (cAMP) second messenger 
is a major stress-response signal found to play important roles in 
diverse biological functions. In vertebrates, the effects of cAMP are 
mainly transduced by two ubiquitously expressed intracellular cAMP 
receptors, the classic protein kinase A (PKA) and the more recently 
discovered exchange proteins directly activated by cAMP (Epac1 
and Epac2) (8–10). Extensive studies, particularly recent in vivo 
analyses of Epac1 functions using genetic knockout mouse models 

and pharmacological probes, reveal that Epac1 regulates a wide range 
of physiological and pathophysiological processes in response to 
cellular stresses (11–15). Conversely, the expression of Epac1 is often 
up-regulated to promote pathogeneses in various disease models. 
For example, recent studies demonstrate that enhanced Epac1 ex-
pression stimulates pathogenic angiogenesis through simultaneous 
activation of vascular endothelial growth factor (VEGF) and inhibi-
tion of Notch signaling in endothelial cells (16) and atherosclerosis 
by promoting the uptake of oxidized low-density lipoprotein (ox-LDL) 
in macrophages (17). Unexpectedly, the relationship between cAMP 
signaling and protein SUMOylation, two common cellular stress 
response mechanisms, has not been examined and remains unknown. 
In this study, we demonstrate that cAMP/Epac1 acts as a regulator of 
SUMOylation by promoting the formation of nuclear condensates 
containing Epac1 and components of SUMOylation machinery. This 
Epac1-regulated cellular SUMOylation is physiologically important, 
as deletion of Epac1 blocks ox-LDL–induced cellular SUMOylation 
and foam cell formation.

RESULTS
SUMOylation machinery is enriched in  
Epac1-associated proteome
To explore the cellular functions of Epac1, we performed an unbiased 
Epac1-associated proteome analysis via affinity purification of Epac1- 
containing cellular complexes in HeLa cells stably expressing 
Epac1-FLAG. Shotgun proteomics analyses led to the identification 
of ~497 proteins coimmunoprecipitated with only Epac1-FLAG in 
the anti-FLAG pull-down fraction but not in the control mock 
immunoprecipitation of HeLa cells stably transfected with an empty 
vector (table S1). These Epac1-associated proteins contain many 
known Epac1-interacting partners, including annexin A2 (18), 
importin 1 (19, 20), Nup98 (20), RanBP2 (20, 21), RanGap1 (19), 
and tubulin (22). Functional enrichment analysis revealed that 
the top three enriched pathways associated with the Epac1 pro-
teome are SUMOylation related (Fig. 1A). Among these identified 
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Epac1-associated proteins, 18 were identified to overlap with the 
81 entries of the protein SUMOylation Gene Ontology (M13502) 
set (table S2). These proteins encompasses all major components of 
the SUMOylation machinery, including SUMO-activating enzyme E1 
(AOS1/UBA2), SUMO-conjugating enzyme E2 (UBC9), SUMO1/2/3, 
RanBP2, and PIAS1 (Fig. 1B). Hypergeometric probability calculation 
revealed that the Epac1-associated proteome was highly enriched 
with SUMOylation-related proteins with a representation (enrich-
ment) factor of 8.4 and a P value of 6.4 × 10−13, assuming a total 

human proteome size of 17,874 (23). In addition to major compo-
nents of SUMOylation machinery, Epac1-associated proteome is also 
highly enriched with well-known SUMO target proteins such as 
RanGap1, SART1, and HNRNPs. Fifty-one Epac1-associated pro-
teins were found in a database of 689 SUMO target proteins identi-
fied by at least five previous SUMO proteomic studies (table S3) (24), 
representing a 2.7-fold enrichment (P = 7.1 × 10−11). To validate the 
proteomic analysis and to determine whether Epac1 can interact with 
SUMO-E1 directly, we performed a reverse pull-down using nickel 
affinity resin loaded with purified His-tagged AOS1/UBA2 as a bait. 
We observed specific copurification of glutathione S-transferase 
(GST)–Epac1, but not GST, along with His-AOS1/UBA2 (fig. S1).

Epac1 activation promotes cellular SUMOylation
The unexpected finding that Epac1-associated proteome is enriched 
with the general SUMOylation machinery prompted us to test whether 
activation of Epac1, an effector of a major stress-response signal 
cAMP, promotes cellular SUMOylation. When human umbilical 
vein endothelial cells (HUVECs), which express Epac1 abundantly, 
but not Epac2 (18, 25), were treated with a membrane-permeable 
Epac-specific agonist, 8-CPT-2′-O-Me-cAMP-AM, also known as 
007-AM (26), we observed a consistent increase in SUMO2/3-based 
cellular SUMOylation levels (Fig. 1C), whereas the control compound 
PO4-AM3 (27) had no effect on cellular SUMOylation (fig. S2A). 
On the other hand, SUMO1-based cellular SUMOylation was un-
changed in response to 007-AM treatment (fig. S2B). Activation of 
HUVECs with isoproterenol (ISO), a -adrenergic receptor agonist, 
also led to an enhanced cellular SUMOylation by SUMO2/3, while 
pretreatment with H89, a PKA-specific inhibitor, had no effect on 
ISO-induced cellular SUMOylation (fig. S2C). Conversely, suppress-
ing Epac1 by gene silencing using Epac1-specific small interfering 
RNA (siRNA) led to a reduced total cellular SUMOylation (Fig. 1D). 
These results suggest that cAMP acts through Epac1, but not PKA, 
to promote cellular SUMOylation. Similar 007-AM–induced cellular 
SUMOylation was observed in THP-1 cells stably expressing an 
APEX2-tagged Epac1 (THP-1/Epac1-APEX2) via lentiviral trans-
duction (fig. S2D). The increased cellular SUMOylation in response to 
007-AM was accompanied with a reciprocal decrease in free SUMO2/3 
in both HUVEC and THP-1/Epac1-APEX2 cells (fig. S2, A and E).

The observed enhancement of cellular SUMOylation by Epac1 
activation prompted us to determine whether Epac1 activates cellular 
SUMO E1 and E2 enzymes. When we monitored enzyme activities 
by probing the level of UBA2-SUMO thioester intermediate (UBA2*) 
or UBC9-SUMO thioester intermediate (UBC9*) under nonreducing 
conditions without 2-mercaptoethanol (2-ME) in SDS sample buffer 
(28), activation of Epac1 with 007-AM led to an increase in endog-
enous cellular UBA2* (Fig. 1E). However, most of the cellular UBC9 
under the basal unstimulated condition appeared to already exist in 
the thioester intermediate state in HUVECs and only a slight in-
crease of UBC9* was observed (fig. S3A). On the other hand, silencing 
Epac1 in HUVECs using Epac1-specific siRNA reduced the levels of 
UBA2* (Fig. 1F) and UBC9* (fig. S3B). Epac1 activation by 007-AM 
or silencing by siRNA had no effect on free basal UBA2 level (fig. S3, 
C and D).

To validate that Epac1 activation promotes SUMOylation of 
cellular targets, we performed SUMO2/3 immunoprecipitation of 
THP-1/Epac1-APEX2 cell lysates treated with 007-AM or vehicle. 
As expected, Epac1 activation led to an increased total SUMOylated 
proteins pulled down by anti-SUMO2/3 antibodies (fig. S4). We 

Fig. 1. Epac1 associates with SUMOylation machinery and promotes cellular 
SUMOylation. (A) Top pathways enriched in Epac1-associated proteome revealed 
by functional enrichment analysis. Basic Mechanism of SUMOylation (M22055) was 
the most enriched pathway associated with Epac1, with an enrichment factor of 
35.8 and an associated P value of 4.6 × 10−10. (B) Schematic representation of cellular 
SUMOylation pathways, with proteins found in Epac1-associated proteome high-
lighted in red. (C) Levels of cellular SUMOylation probed by immunoblotting analysis 
using anti-SUMO2/3 antibody in HUVECs treated with DMSO or Epac-specific agonist, 
007-AM (5 M), for 30 min. (D) Levels of cellular SUMOylation in HUVECs transfected 
with control or Epac1-specific siRNA. (E) Levels of UBA2 SUMO thioester intermediates 
(UBA2*) examined by immunoblotting analysis using anti-UBA2 antibody in HUVECs 
treated with DMSO or 5 M 007-AM (30 min). (F) Levels of UBA2* in HUVECs trans-
fected with control or Epac1-specific siRNA. Data were normalized to total protein 
loading for SUMOylation or to free UBA2 for UBA2* and shown as means ± SEM. MW, 
molecular weight.
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further probed the SUMOylation status of endogenous PML and 
TRIM28, two well-characterized SUMO targets. As shown in Fig. 2A, 
higher–molecular weight TRIM28 bands (TRIM28-SUMOs) above 
the unmodified TRIM28 were readily detectable in SUMO2/3 pull-
down samples. Enhanced TRIM28-SUMOs bands were observed in 
the 007-AM–treated SUMO2/3 pull-down samples. These TRIM28 
ladders were sensitive to the treatment of a potent and specific 
inhibitor for UBA2, ML-792 (29), which led to a concomitant in-
crease in free cellular SUMO2/3, further confirming the formation 
of TRIM28-SUMOs (Fig. 2C). Again, 007-AM treatment led to a 
significant and consistent increase in the levels of endogenous 
TRIM28-SUMOs, while ML-792 suppressed TRIM28 SUMOylation 
(Fig. 2E). Similar results were obtained for PML (Fig. 2, B, D, and F). 
Together, these data show that Epac1 activation promotes PML and 
TRIM28 SUMOylation.

Epac1-induced cellular SUMOylation is not dependent on 
its exchange activity
To determine whether Epac1-induced cellular SUMOylation is me-
diated by its guanine nucleotide exchange factor (GEF) activity, i.e., 
its orthodox downstream effectors Rap1 and Rap2, we suppressed 
cellular Rap1 and Rap2 activity by ectopic expression of Rap1GAP, 
a Rap1- and Rap2-specific guanosine triphosphatase (GTPase)–
activating protein that efficiently keeps Rap1 and Rap2 in their 
inactive guanosine diphosphate (GDP)–bound states (30). While 
expression of Rap1GAP in HUVECs blocked the ability of 007-AM 
to activate Akt, a Rap-dependent Epac1 function (31), the basal 
SUMOylation level (fig. S5A) and the ability of 007-AM to promote 
cellular SUMOylation were not affected by Rap1GAP (fig. S5B). 
These results suggest that the effects of Epac1 activation on cellular 
SUMOylation are not dependent on its canonical downstream 
effectors Rap1 and Rap2.

Epac1 does not directly activate SUMO E1 and E2 in vitro
Because Rap1 and Rap2 were not required for Epac1-mediated 
SUMOylation activation and Epac1 interacted with the SUMOylation 
machinery, we questioned whether Epac1 promoted SUMOylation 
by directly activating SUMO E1/E2. To test this hypothesis, we 
expressed and purified individual recombinant components of 
SUMOylation machinery, AOS1/UBA2, UBC9, and SUMOs. We 
performed in vitro SUMO E1/E2 thioester formation experiments. 
Epac1 was not able to enhance UBC9 thioester formation in the 
presence or absence of cAMP (Fig. 3). These results suggest that 
Epac1 does not activate SUMO E1/E2 directly in vitro.

Epac1 activation promotes the formation of Epac1 nuclear 
condensates that colocalize with nuclear UBA2/UBC9/
SUMO2/3 condensates
The findings that Epac1-induced cellular SUMOylation was not de-
pendent on its GEF activity and that Epac1 did not directly activate 
SUMO E1/E2 suggest that Epac1 promotes cellular SUMOylation 
through an unconventional mechanism. We performed confocal 
microscopy to study the subcellular localization of endogenous Epac1, 
UBA2, and UBC9 in response to Epac1 activation. Coimmunofluo-
rescence staining of Epac1 and UBA2 and structured illumination 
microscopy (SIM) superresolution imaging in HUVECs revealed 
that under the basal condition, Epac1 staining exhibited distinct 
cellular puncta in both cytosolic and nuclear compartments. UBA2 
labeling displayed a similar puncta staining and distribution with 
more numerous nuclear puncta than those of Epac1. Significant 
overlaps between Epac1 and UBA2 signals were observed in nuclear 
compartments (Fig. 4A). Activation of Epac1 by 007-AM led to a sig-
nificant increase in numbers, sizes, and intensity of nuclear puncta 
for Epac1 in both the nucleus and cytosol, while the intensity and 
numbers of nuclear puncta for UBA2 were also modestly increased 

Fig. 2. Epac1 activation promotes cellular SUMOylation of endogenous PML and TRIM28. Levels of cellular SUMOylation of TRIM28 (A) and PML (B) probed by 
immunoblotting analysis using anti-TRIM28 or anti-PML antibody in SUMO2/3 immunoprecipitation samples of THP-1/Epac1-APEX2 cells in response to 007-AM (5 M) 
treatment for 30 min. Endogenous free SUMO2/3 and SUMOylated TRIM28 (C) or PML (D) in THP-1/Epac1-APEX2 cells treated with 007-AM (5 M), ML-792 (1 M), or in 
combination. (E and F) Quantification of SUMOylated TRIM28 and PML, respectively. Data are shown as means ± SEM.
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(Fig. 4, A and B). Moreover, correlation analyses of colocalization 
using CellProfiler (32) revealed that 007-AM stimulation led to a 
significant enhancement of colocalization of Epac1 and UBA2 nu-
clear puncta (Fig. 4C). Similarly, coimmunofluorescence staining of 
Epac1 and UBC9 and SIM analysis showed significant overlaps 
between Epac1 and UBC9 nuclear puncta in HUVECs. Treatment 
with 007-AM increased Epac1 and UBC9 nuclear puncta, as well as 
their colocalization (fig. S6).

To further probe the role of Epac1 nuclear puncta in cellular 
SUMOylation, we performed coimmunofluorescence staining of 
Epac1 with SUMO1 or SUMO2/3. SIM superresolution imaging 
analyses revealed that both SUMO1 and SUMO2/3 exhibited mostly 
nuclear puncta staining in HUVECs. While the basal SUMO2/3 
staining was relatively weak, 007-AM stimulation led to an increase 
in SUMO2/3 nuclear puncta staining and significant colocalization 

with Epac1 nuclear puncta (Fig. 5, A to C). On the other hand, 
SUMO1 staining was not affected by 007-AM (fig. S7, A and B), 
although an increased colocalization between Epac1 and SUMO1 
was observed in response to 007-AM (fig. S7C). These results are 
consistent with the cellular SUMOylation data shown earlier (Fig. 1C 
and fig. S2B) and support the notion that Epac1 nuclear puncta is 
involved in cellular SUMOylation by SUMO2/3 but not by SUMO1. 
A previous study shows that while free SUMO2/3 proteins are dif-
fused in cells, particularly in the cytosolic compartment, conjugated 
SUMO2/3 are enriched in nuclear compartment (33). The widespread 
enhancement of SUMO2/3 nuclear puncta staining in response to 
007-AM provides direct evidence to support the notion that Epac1 
activation promotes cellular SUMOylation in nuclear puncta.

007-AM induces the formation of Epac1-EYFP/mRuby-UBA2 
nuclear condensates
To further characterize the cellular behavior and function of Epac1 
and UBA2 cellular condensates, we performed confocal live-cell 
imaging of fluorescently tagged Epac1 and UBA2 in human embryonic 
kidney (HEK) 293 cells. Under the basal condition, Epac1–enhanced 
yellow fluorescent protein (EYFP) signals were mostly diffused 
throughout the cells with enhanced signals concentrated around 
the nuclear envelope and plasma membrane. A few puncta were ob-
served in the cytosol but mostly absent in the nuclear compartment 
(Fig. 6A). These observations are consistent with earlier publications 
on Epac1-EYFP subcellular localization (20, 21, 34). Stimulation of 
cells with 007-AM led to a robust increase in Epac1-EYFP puncta, 
particularly in the nuclear compartment (Fig. 6, A and B). In addi-
tion, activation of cells with ISO resulted in similar increases in 
Epac1-EYFP cellular condensates (fig. S8A). The induction of 
Epac1-EYFP nuclear puncta occurred rapidly, almost instantaneously, 
after the addition of 007-AM (Fig. 6C and movie S1). To confirm 

Fig. 3. Effects of purified Epac1 protein on UBC9 SUMO thioester formation. 
In vitro SUMO thioester intermediate formation of recombinant UBC9 in the pres-
ence or absence of Epac1 or Epac1 plus cAMP.

Fig. 4. Epac1 activation promotes the formation and colocalization of Epac1 and UBA2 nuclear condensates. (A) SIM immunofluorescence images of endogenous 
Epac1 (green) and UBA2 (red) probed by anti-Epac1 (SC-25632) and UBA2 (SC-376305) antibodies in control (DMSO) and 007-AM (5 M, 7 min)–treated HUVEC cells. 
(B) Quantification of Epac1 and UBA2 nuclear speckle intensity in DMSO- or 007-AM–treated HUVEC cells. (C) Pixel-based colocalization analysis of Epac1 over UBA2 nuclear 
speckle in DMSO- or 007-AM–treated HUVEC cells. Image analyses were performed using the CellProfiler software. Data are shown as means ± SEM.
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that the formation of cellular condensates in response to 007-AM is 
due to direct Epac1 activation, we performed parallel experiments 
using an Epac1-R279E-EYFP construct that is defective in cAMP 
binding (31). Mutation of a critical cAMP binding residue abolished 
the ability of 007-AM or ISO to promote the formation of Epac1- 
based nuclear condensates (Fig. 6, A and B; fig. S8B; and movie S2). 
We further performed fluorescence recovery after photobleaching 
(FRAP) analysis to assess fluidity of 007-AM–induced Epac1-EYFP 
nuclear condensates. The maximal fluorescence intensity of indi-
vidual Epac1-YFP nuclear condensates recovered quickly after photo-
bleaching, with half-lives ranging from ~30 to 100 s (fig. S9).

When expressed at approximately 30% of the endogenous UBA2 
level (fig. S10), mRuby-UBA2 showed a similar distribution as 
endogenous UBA2 staining with diffused speckles mainly in the 
nuclear compartment and sporadic vacuolar-like structures in the 
cytosol that partially overlapped with the Epac1-EYFP signals, 
particularly around the nuclear envelope under unstimulated basal 
condition (Fig. 6, D and E). Notably, in response to 007-AM stimu-
lation, mRuby-UBA2 speckles coalesced to form larger nuclear 
condensates that were superimposable with nuclear Epac1-EYFP 
puncta (Fig. 6, F and G).

Numerous membraneless nuclear condensates, such as nuclear 
speckles, PML (promyelocytic leukemia) bodies, and PcG (polycomb 
group) bodies, are known to exist and involved in a wide array of 
important cellular functions (35). The discovery of cAMP-dependent 
formation of Epac1 nuclear condensates prompted us to investigate 
whether these Epac1 nuclear puncta conformed to previously 
described nuclear bodies. When 007-AM–treated Epac1-EYFP–
expressing HEK293 cells were stained for various nuclear body 
markers, including serine/arginine-rich splicing factor (SC35), PML 
protein, and polycomb complex protein (BMI-1), the numbers of 

Epac1 nuclear condensates were much higher than those of the 
known nuclear bodies. In addition, no significant overlap was observed 
between Epac1-EYFP puncta and nuclear speckles or PcG bodies, 
while a small number of Epac1 nuclear condensates partially 
colocalized with the PML bodies (fig. S11). These results suggest 
that Epac1 nuclear puncta likely define a new type of nuclear con-
densate structure.

Epac1 contains IDRs and undergoes cAMP-dependent 
phase separation
The discovery of Epac1-based cellular condensates suggests that 
Epac1 belongs to a growing family of proteins capable of modulating 
biological functions by undergoing phase separation (PS). One of 
the common features shared by many proteins prone to PS is the 
presence of intrinsically disorder regions (IDRs) with multiple inter-
acting motifs (36). Sequence analysis of Epac1 protein by IUPred 
(37) and PONDR (38) revealed multiple potential IDRs, particularly 
at its N and C termini (Fig. 7A). This notion is in agreement with 
the fact that purified recombinant Epac1 protein requires high salt 
(500 mM) to maintain solubility and that Epac1 is recalcitrant to 
crystallization and readily undergoes PS in the presence of various 
polyethylene glycols when subjected to crystallization screenings 
(Fig. 7B). Furthermore, when diluted to low-salt concentrations 
(150 mM), Epac1 protein solution underwent reversible aggregation 
and became cloudy. On the other hand, in the presence of 3.5% 
1,6-hexanediol, low-salt Epac1 solution remained clear (Fig. 7C). 
1,6-Hexanediol is a PS indicator used to trigger the dissolution of 
liquid-like assemblies but not solid-like aggregations (39–41). To 
further characterize the PS properties of Epac1 and the effect of 
cAMP, we determined the saturation concentration (Csat) of Epac1 
as a function of salt concentrations in the presence or absence of 

Fig. 5. Epac1 activation increases SUMO2/3 nuclear puncta and their colocalization with Epac1 nuclear condensates. (A) SIM immunofluorescence images of 
endogenous Epac1 (red) and SUMO2/3 (green) probed by anti-Epac1 (SC-28366) and SUMO2/3 (Cell Signaling Technology, #4971) antibodies in control (DMSO)– and 
007-AM (5 M, 7 min)–treated HUVEC cells. (B) Quantification of SUMO2/3 nuclear speckle intensity in DMSO- or 007-AM–treated HUVEC cells. (C) Pixel-based colocaliza-
tion analysis of Epac1 over SUMO2/3 nuclear speckle in DMSO- or 007-AM–treated HUVEC cells. Image analyses were performed using the CellProfiler software. Data are 
shown as means ± SEM.
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cAMP via light scattering measurements. In the absence of cAMP, 
increasing salt concentrations increased Csat (Fig. 7D), as expected. 
Noticeably, addition of cAMP markedly decreased Csat across all 
ionic strength conditions (Fig. 7E), suggesting that cAMP pro-
motes Epac1 PS.

Epac1 condensates are required for the Epac1-mediated 
activation of SUMOylation
Having demonstrated that Epac1, UBA2, and UBC9 colocalize and 
form nuclear condensates, we next determined whether the for ma-
tion of Epac1 nuclear condensates is required for Epac1- mediated 

Fig. 6. Characterization of Epac1-EYFP and mRuby-UBA2 nuclear condensates. (A) Confocal images of HEK293 cells expressing WT Epac1-EYFP or Epac1-R279E-EYFP 
in response to 5 M 007-AM (7 min). (B) Quantification of Epac1-EYFP or Epac1-R279E-EYFP nuclear condensates in DMSO- or 007-AM–treated HEK293 cells. Data are 
shown as means ± SEM. (C) Confocal live-cell images from a time-lapse movie of Epac1-EYFP–expressing HEK293 cells in response to 5 M 007-AM. (D) Confocal images 
of HEK293 cells expressing Epac1-EYFP and mRuby-UBA2. (E) Line graphs show fluorescence intensities of Epac1-EYFP and mRuby-UBA2 across the white dashed lines. 
(F) Confocal images of HEK293 cells expressing Epac1-EYFP and mRuby-UBA2 in response to 5 M 007-AM. (G) Graphs show fluorescence intensities of Epac1-EYFP and 
mRuby-UBA2 across the white dashed lines in 007-AM (5 M)–treated HEK293 cells.
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cellular SUMOylation. To address this question, we screened vari-
ous Epac1 mutants and identified a previously well-characterized 
Epac1 deletion construct, (1–148)Epac1, that has the first 148 amino 
acids deleted at the N terminus (42–45). This mutant has increased 
solubility/stability when expressed recombinantly but retains all 
mea surable biochemical properties such as cAMP binding and Rap 
activation (42, 43). Moreover, GST-(1–148)Epac1 was capable of 
interacting with AOS1/UBA2 as the full-length GST-Epac1 (Fig. 8A). 
On the other hand, unlike full-length Epac1, purified (1–148)Epac1 
was soluble at all protein and salt concentrations tested in Fig. 7D 
and did not undergo PS in the presence or absence of cAMP. Con-
sistent with this notion, when (1–148)Epac1-YFP was expressed 
in HEK293 cells, unlike Epac1-EYFP, this construct failed to form 
nuclear condensates in response to 007-AM stimulation (Fig. 8B). 
Therefore, this deletion mutant is ideal for testing if the ability of 
Epac1 to form nuclear condensate is important for promoting cellu-
lar SUMOylation. When (1–148)Epac1 was expressed in HUVEC 
cells, 007-AM was no longer able to promote cellular SUMOylation 
(Fig. 8C) and UBA2 thioester bond formation (Fig. 8D). Together, 
these results suggest that cAMP-mediated Epac1 activation promotes 
the formation of Epac1 nuclear condensates, which are responsible 
for cAMP-induced cellular SUMOylation and UBA2 activation.

Epac1 is required for ox-LDL–stimulated cellular 
SUMOylation and foam cell formation
Encouraged by our findings that Epac1 activation promoted 
SUMOylation in cells, we further determined whether Epac1 plays 
a role in regulating SUMOylation under physiological settings. Our 

recent studies demonstrate that deletion of Epac1 in an atherogenic 
mouse model reduces atherosclerotic plaque formation by suppress-
ing ox-LDL–mediated foam cell formation (17). Unexpectedly, when 
we isolated bone marrow–derived monocytes (BMDMs) from wild-
type (WT) and Epac1-knockout mice and challenged them with ox-LDL, 
we observed an increase in cellular SUMOylation by SUMO2/3 in 
the WT BMDMs (Fig. 9A). Our recent study has shown that ox-LDL 
can induce intracellular cAMP (17), pointing to the possibility that 
ox-LDL–induced SUMOylation may be mediated, in part, by cAMP 
and associated downstream effectors. The ox-LDL–mediated increase 
in cellular SUMOylation was abolished in Epac1 null BMDMs 
(Fig. 9A), suggesting that Epac1 is responsible for ox-LDL–mediated 
increases in cellular SUMOylation. Next, we tested whether Epac1 
activation alone was sufficient to promote cellular SUMOylation 
and UBA2 activation in BMDMs. Stimulation of BMDMs by 007-AM 
led to a significant increase in cellular SUMOylation in WT BMDMs, 
but not in Epac1 null BMDMs, in a similar manner to the response 
to ox-LDL stimulation (Fig. 9B). Consistent with increased cellular 
SUMOylation, UBA2-SUMO thioester intermediate levels were con-
comitantly increased in WT BMDMs following ox-LDL treatment. 
On the other hand, the UBA2-SUMO thioester levels in Epac1 null 
BMDMs were not affected by ox-LDL treatment (Fig. 9C). More-
over, when cells were treated with 007-AM, we observed a signifi-
cant increase in UBA2-SUMO thioester levels in the WT BMDMs, 
but not in Epac1-null BMDMs (Fig. 9D). Together, these results 
demonstrate that Epac1 activation is sufficient and necessary to 
induce ox-LDL–mediated cellular SUMOylation and UBA2 activa-
tion in primary BMDMs.

Fig. 7. Regulation of Epac1 PS by ionic strength and cAMP. (A) Disorder tendency scores of Epac1 predicted by IUPred (black) and PONDR (green: VLXT score; blue: 
VLS2 score). (B) Microscopic images of liquid-liquid PS of Epac1 (2.5 mg/ml) in 50 mM sodium acetate (pH 4.5), 100 mM lithium sulfate, and 25% (w/v) polyethylene glycol 400. 
(C) Recombinant purified Epac1 protein (15 M) in the presence of 500 mM (HS), 150 mM (LS) NaCl, and LS (low salt) with 3.5% 1,6-hexanediol (1,6 Hex). (D) Epac1 phase 
diagrams showing Csat as a function of salt concentrations. (E) Epac1 phase diagrams in the presence of 30 M cAMP.
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Our previous studies have shown that ox-LDL increases intra-
cellular cAMP and up-regulates Epac1 expression in macrophages, 
supporting the importance of Epac1 for ox-LDL–mediated foam 
cell formation (17). To determine whether cellular SUMOylation is 
involved in this process, we pretreated the BMDMs with ML-792 (29). 

As expected, treatment of BMDMs with ML-792 suppressed cellular 
SUMOylation (fig. S12). ML-792 significantly blocked ox-LDL uptake 
in macrophages (Fig. 9E), suggesting that cellular SUMOylation 
is functionally important for ox-LDL uptake in macrophage and 
foam cell formation. Collectively, our studies reveal a previously 

Fig. 8. Formation of nuclear Epac1 condensates is required for the Epac1- 
mediated activation of SUMOylation. (A) Affinity pull-down of recombinant 
purified GST-(1–148)Epac1 and GST-Epac1 by His-AOS1/UBA2 in the presence or 
absence of cAMP (50 M). (B) Confocal images of HEK293 cells expressing (1–148)
Epac1-EYFP in response to vehicle or 007-AM (5 M, 7 min) treatment. (C) Levels of 
cellular SUMOylation probed by immunoblotting analysis using anti-SUMO2/3 in 
(1–148)Epac1-EYFP–expressing HUVECs treated with DMSO or 007-AM (5 M, 
7 min). (D) Levels of UBA2 SUMO thioester intermediates (UBA2*) examined by 
immunoblotting analysis using anti-UBA2 antibody in (1–148)Epac1-EYFP–
expressing HUVECs treated with DMSO or 007-AM (5 M, 7 min).

Fig. 9. ox-LDL and 007-AM promote cellular SUMOylation and UBA2 activation 
in an Epac1-dependent manner. Cellular SUMOylation probed by anti-SUMO2/3 
antibody in WT and Epac1−/− (KO) BMDMs treated with vehicle or ox-LDL (40 g/ml) 
for 7 min (A) or with vehicle or 5 M 007-AM for 30 min (B). Formation of UBA2-SUMO 
thioester (UBA2*) in WT and Epac1−/− BMDMs in response to ox-LDL (C) or 007-AM 
stimulation (D). (E) Representative images and quantification of ORO-stained mouse 
primary macrophages treated with ox-LDL (40 g/ml) in the presence or absence 
of the UBA2 inhibitor ML-792. Data are shown as means ± SEM.
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unknown mechanism, in which ox-LDL acts through cAMP/Epac1 
to promote SUMOylation-dependent foam cell formation.

DISCUSSION
Protein SUMOylation has long been associated with stress responses. 
However, a molecular mechanism linking cellular stresses and 
SUMOylation is missing. Our studies reveal that Epac1 is associated 
with the general SUMOylation machinery and that cAMP, an ancient 
and universal stress-response second messenger, acts through Epac1 
to regulate cellular SUMOylation. Unexpectedly, Epac1 does not act 
through its canonical effectors, Rap1 and Rap2 GTPases, to promote 
cellular SUMOylation. Instead, enhanced SUMOylation by Epac1 
activation is accompanied by the formation of nuclear condensates 
containing Epac1 and components of the general SUMOylation 
machinery. These results provide a direct nexus connecting two major 
cellular stress responses and define a molecular mechanism in which 
cAMP controls the dynamics of Epac1 cellular condensates to pro-
mote protein SUMOylation.

While protein SUMOylation has been implicated to promote PS 
by enhancing weak multivalent interactions between SUMO and 
SUMO-interacting motif within various protein binding partners (46), 
our findings provide a previously unknown mechanism in which cAMP/
Epac1 regulates SUMOylation by promoting the formation of 

cellular condensation. The ability of biomolecular condensates to 
enhance catalysis has been well documented (47). A recent study 
reports that SUMOylation rates are significantly enhanced in an arti-
ficial system where the SUMOylation machinery is recruited into 
engineered condensates generated by PS of multidomain scaffold-
ing proteins (48). These results provide theoretical supports for our 
findings that the rapid formation of Epac1 SUMO-activating nuclear 
condensates can act as SUMOylation organizers, where concentrated 
SUMOylation machinery and substrates accelerate cellular protein 
SUMOylation via mass action and/or substrate channeling in re-
sponse to cellular stresses or environmental signals. While we could 
not rule out that Epac1 only regulates a subset of SUMO targets in a 
cell type–specific manner, our data as a whole support the concept 
that Epac1 condensates act as “SUMOylation organizers” to gen-
erally enhance SUMOylation. This notion is further supported 
by the fact that Epac1 activation led to an overall enhancement of 
the SUMO2/3 nuclear puncta staining.

The observation of cAMP-dependent Epac1 PS correlates very 
well with the cellular behaviors of Epac1 condensates. Under basal 
low cAMP conditions when Epac1 exists in the apo conformation 
with higher Csat, the number and size of the Epac1 cellular conden-
sates are smaller than those of stimulated conditions where activation 
of Epac1 by cAMP leads to a decreased Csat that promotes the for-
mation of Epac1 cellular condensates (Fig. 10). These observations 

Fig. 10. Regulation of Epac1 cellular condensates by cAMP. Schematic model of Epac1-mediated cellular condensates under basal (low cAMP) and stress (high cAMP) 
conditions.
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of cAMP-induced Epac1 condensates, coupled with a recent report 
of cAMP-modulated PS of PKA regulatory subunit RI (49), suggest 
that cAMP is an important molecular switch/trigger for biomolecular 
condensate regulation. The ability of cAMP to directly modulate the 
dynamics of biomolecular condensates provides the first experi-
mental evidence that protein PS can be regulated by an endogenous 
ligand, and opens up a new dimension in our understanding of this 
ancient stress-response second messenger.

In summary, we discover that cAMP, acting through Epac1, pro-
motes the formation of SUMO-activating nuclear condensates and 
enhances cellular SUMOylation. These findings represent a major 
conceptual advance in our understanding of cellular stress responses 
by providing a direct connection between protein SUMOylation and 
cAMP signaling, two major cellular stress processes. Considering the 
universal presence of protein SUMOylation and cAMP signaling in 
biology, our studies have major implications for various physiolog-
ical and pathophysiological functions, such as the cardiovascular and 
neuronal systems where both cAMP/Epac1 signaling and protein 
SUMOylation play significant roles (14, 50–53). Because dysregula-
tions of Epac1 signaling have been implicated in the development of 
numerous pathophysiological conditions, including cancer (54, 55), 
chronic pain (56–58), infections (59, 60), and vascular proliferative 
diseases (16, 17, 61–63), it is possible that hyperactivation of Epac1 
might induce pathogenesis, in part, by activating cellular SUMOylation. 
Furthermore, the ability of cAMP/Epac1 signaling, a highly coordi-
nated and compartmentalized process, to directly regulate the 
dynamics of PS suggests that the formation of biomolecular con-
densates represents another important mechanism for organizing 
cellular space and functions in addition to the classic membrane- 
based intracellular compartmentalization.

MATERIALS AND METHODS
Reagents
Dulbecco’s modified Eagle’s medium (DMEM) high glucose (cata-
log no. D5796), fetal bovine serum (FBS) (catalog no. F2442), 
isoproterenol hydrochloride (catalog no. I5627), C12E9, PROTEIN 
GRADE Detergent, 10% solution (catalog no. 205534), Glutathione 
Sepharose 4B Fast Flow (catalog no. GE17-0756), N-ethylmaleimide 
(NEM) (catalog no. E3876), Ni Sepharose Fast Flow (catalog no. 
GE17-5318), poly-l-lysine solution (0.01%, catalog no. P4707), 
and gelatin solution (catalog no. G1393-100ML) were from 
MilliporeSigma. 8-(4-Chlorophenylthio)-2′-O-methyladenosine-3′,5′- 
cyclic monophosphate acetoxymethyl ester (007-AM) was from 
Axxora (catalog no. BLG-C051). Antibiotic-antimycotic (100×) 
(catalog no. 15240096), 4′,6-diamidino-2-phenylindole (DAPI) 
(catalog no. 62248), Hoechst 33342 solution (catalog no. 62249), 
and Lipofectamine 2000 (catalog no. 11668-019) were from 
Thermo Fisher Scientific. cOmplete, Mini, EDTA-free Protease 
Inhibitor Cocktail Tablet was from Roche (catalog no. 11836170001). 
Protein A/G PLUS-Agarose (catalog no. sc-2003) was from Santa 
Cruz Biotechnology Inc. FluorSave Reagent (catalog no. 345789) 
was from EMD Millipore. Tris(2-carboxyethyl)phosphine hydro-
chloride (TCEP) (catalog no. HR2-651) was from Hampton Re-
search. Recombinant mouse macrophage colony-stimulating 
factor (rm-MCSF) was from R&D Systems (catalog no. 416-ML). 
Human highly oxidized LDL was obtained from Kalen Biomedical 
(catalog no. 770252-6). ML-792 (catalog no. 407886) was purchased 
from MEDKOO.

Cell culture and transfection
HUMVECs (Lonza, catalog no. C2519A) were maintained and sub-
cultured in EGM-2 Endothelial Cell Growth Medium (Lanzo, cata-
log no. CC-3162) at 37°C in a 5% CO2 humidified incubator. Cell 
passages between 2 and 8 were used for experiments described in 
this study. For experiments involving RNA interference (RNAi), 
HUVECs at 70% confluence were transfected with Epac1-specific 
(Thermo Fisher Scientific, catalog no. 1299001) or nontargeting 
control Stealth RNAi siRNA oligonucleotides (Thermo Fisher 
Scientific, catalog no. 12935300) at a final concentration of 50 nM.  
HEK293 cells (American Type Culture Collection, catalog no. CRL-1573) 
were maintained in DMEM with high glucose supplemented with 
10% FBS. Cell transfection was performed using Lipofectamine 
2000 according to the manufacturer’s instructions.

Epac1-associated proteome analyses by shotgun proteomics
To identify potential Epac1 cellular binding partners, we performed 
immunoaffinity purification of cellular Epac1-containing protein 
complexes from HeLa cells stably expressing full-length Epac1 with 
a C-terminal FLAG/hemagglutinin (HA) tandem epitope tag as 
previously described (18, 22). Briefly, Epac1-FLAG/HA from two 
10-cm plates of cell lysates was captured by immunoprecipitation 
using anti-FLAG antibody–conjugated agarose beads. The bound 
protein complexes were eluted with purified FLAG peptide. Con-
trol mock purification was performed using HeLa cells stably trans-
fected with an empty vector to exclude nonspecific interactions. 
The immunoprecipitation eluents were loaded onto 10% SDS–
polyacrylamide gel electrophoresis (SDS-PAGE) gel. Shortly after all 
the eluents were migrated into the gels, gel bands (1 to 2 cm) con-
taining the total protein loading were excised and subjected to in-gel 
tryptic digestion following a well-established protocol as described 
previously (64). The tryptic digested samples were analyzed by liquid 
chromatography–tandem mass spectrometry (LC-MS/MS) using 
an Orbitrap Fusion Tribrid mass spectrometer (Thermo Fisher Sci-
entific) interfaced with the Dionex UltiMate 3000 Binary RSLCnano 
HPLC System. One microgram of each sample was loaded for the 
analysis. Peptides were separated with an Acclaim PepMap C18 col-
umn (75 m inside diameter by 15 cm) at a flow rate of 300 nl/min. 
Gradient conditions were 3 to 22% B for 40 min, 22 to 35% B for 
10 min, 35 to 90% B for 10 min, and 90% B held for 10 min (buffer A, 
0.1% formic acid in water; buffer B, 0.1% formic acid in acetonitrile). 
The peptides were analyzed using the data-dependent acquisition 
(DDA) mode. The survey scan was performed with 120,000 resolu-
tion at 400 mass/charge ratio (m/z) from 350 to 1500 m/z with AGC 
(Automatic Gain Control) target of 2 × 105 and maximum injection time 
of 50 ms. The DDA cycle was limited to 3 s. Monoisotopic masses 
were then selected for further fragmentation for ions with 2 to 5 plus 
charge within a dynamic exclusion range of 35 s. Fragmentation priority 
was given to the most intense ions. Monoisotopic precursor selection 
was enabled. Precursor ions were isolated using the quadrupole 
with an isolation window of 1.6 m/z. Collision-induced dissociation 
(CID) was applied with a normalized collision energy of 35%, and 
resulting fragments were detected using the rapid scan rate in the 
ion trap. The AGC target for MS/MS was set to 1 × 104, and the maxi-
mum injection time was limited to 35 ms. The raw data files were pro-
cessed using Thermo Fisher Scientific Proteome Discoverer software 
version 1.4. The spectra were searched against the UniProt Homo 
sapiens database using SEQUEST search engine. The database search 
was restricted with the following parameters. Trypsin was set as the 
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enzyme with maximum missed cleavages set to 2. The precursor ion 
tolerance was set to 10 parts per million , and the fragment ion 
tolerance was set to 0.8 Da. Variable modifications were set to 
methionine oxidation and phosphorylation on serine, threonine, 
and tyrosine. Carbamidomethylation on cysteine was set as a static 
modification. The search results were validated and trimmed to a 
5% false discovery rate using Percolator. Proteins identified only in 
Epac1-FLAG pull down but not in the mock control were designated 
as Epac1-associated proteome. Functional enrichment analysis was 
performed using the ToppGene Suite (65). Enrichment factor was 
computed by hypergeometric probability calculation. To visualize 
highly enriched pathways [The Molecular Signatures Database (MSigDB) 
and Kyoto Encyclopedia of Genes and Genomes (KEGG)], we plotted 
resulting enrichment factor against the P values.

Cellular SUMOylation and UBA2/UBC9-SUMO thioester 
formation assays
Near-confluent HUVECs or BMDMs in a 12-well plate were washed 
once with Hanks’ buffered salt solution. HUVECs were starved in 
serum-free (SF) endothelial basal medium and then treated with di-
methyl sulfoxide (DMSO), PO4-AM3 (1.67 M), 007-AM (5 M), 
ISO (20 M), H89 (5 M), or ISO plus H89 for 30 min or otherwise 
indicated. BMDMs were first serum-deprived in DMEM high 
glucose with 2.5% FBS, 1× nonessential amino acids, and penicillin/
streptomycin (100 g/ml) for 2 hours, followed by two quick rinses 
with SF DMEM, and resuspended in 400 l of SF DMEM for treat-
ment. After 5 min to allow cells to adjust to SF conditions, control 
vehicles, 007-AM (5 M) or ox-LDL (40 g/ml), were added to cells 
for 30 or 7 min, respectively. After treatment, cells were washed 
twice with warm Dulbecco’s phosphate-buffered saline (DPBS) and 
lysed with 100 l of 1× SDS sample buffer [50 mM tris (pH 6.8), 
2% SDS, 0.1% bromophenol blue, 3% 2-ME, and 10% glycerol] with 
protease inhibitors and 20 mM NEM. Total cell lysates were collected 
and sonicated on ice using 15-W power output for three to four 
cycles of 5 s, with 5-s rests in between until completely soluble. After 
heat denaturation at 95°C for 5 min, the samples were subjected 
to immunoblotting analysis of cellular SUMOylation using an 
anti-SUMO2/3 (Enzo Life Sciences Inc., catalog no. MBL-PW9465) 
or anti-SUMO1 antibody (Enzo Life Sciences Inc., catalog no. MBL-
PW8330). For the UBA2 or UBC9 thioester bond formation assay, 
the cell lysates were collected in SDS sample buffer without 2-ME 
and split into two equivalent volumes, and then 2-ME was added to 
one of the two samples before loading onto SDS-PAGE gels for im-
munoblotting analyses with anti-UBA2 (Abcam, catalog no. ab185955) 
or anti-UBC9 antibody (Abcam, catalog no. ab185955).

Immunoblotting analysis
Protein samples from cultured cells or immunoprecipitation were 
resolved on stain-free SDS-PAGE gels. After electrophoresis, images 
were captured with the ChemiDoc Touch Imaging System (Bio-Rad) 
for total protein loading quantification before proteins were trans-
ferred to a polyvinylidene difluoride membrane (Millipore, catalog 
no. IPVH00010). The blots were incubated with primary antibodies 
against SUMO2/3 (Enzo Life Sciences, catalog no. BML-PW9465; 
MBL International, catalog no. M114-3; or Cell Signaling Technology, 
catalog no.4971), Epac1 (Cell Signaling Technology, catalog no. 4155), 
UBA2 (Abcam, catalog no. ab185955), UBC9 (Abcam, catalog no. 
ab185955 or ABclonal, catalog no. A1184), FLAG (MilliporeSigma, 
catalog no. F1804), PML (Santa Cruz Biotechnology, catalog 

no. SC966), and TRIM28 (ProteinTech, catalog no. 66630) at 4°C 
overnight, followed by incubation with horseradish peroxidase–
conjugated secondary antibodies (Bio-Rad) and detection using 
Amersham ECL Prime Western Blotting Detection Reagent (GE 
Healthcare Life Sciences, catalog no. 45-002-401). The chemilumi-
nescence signals were captured with the ChemiDoc Touch Imaging 
System (Bio-Rad) and quantitated using Image Lab (Bio-Rad) or 
ImageJ software. Individual signal of a specific protein band was 
first normalized against corresponding total protein loading, and 
the final immunoblotting readout was expressed as a ratio of the 
normalized treatment signal to the normalized control signal. 
Statistical analysis was performed using data from at least three in-
dependent experiments.

SUMO2/3 immunoprecipitation in THP-1 cells
Epac1 with a C-terminal APEX2 tag (66) was cloned into the 
pCDH-CMV-MCS-EF1-Puro lentiviral vector and transduced into 
THP-1 to generate a cell line stably expressing Epac1-APEX2. Ap-
proximately 1 × 107 THP-1/Epac1-APEX2 cells, cultured in RPMI 
medium with 10% FBS and antibiotic-antimycotic (1×), were starved 
in SF RPMI medium for 1 hour, followed by the treatment of 5 M 
007-AM or control vehicle DMSO for 30 min. Cell pellets were col-
lected by centrifugation at 400g, at 4°C for 5 min, washed with cold 
PBS, and lysed in lysis buffer containing 50 mM tris (pH 7.5), 
150 mM NaCl, 1.5 mM MgCl2, 0.5 mM EDTA, 20 mM NEM, 1 mM 
phenylmethylsulfonyl fluoride (PMSF), 1% NP-40, and cOmplete 
Protease Inhibitor Cocktail on ice for 5 to 10 min. Cell lysates were 
harvested by centrifugation at 16,000g for 15 min to remove cell 
debris. Cell lysates with equal amount of total cellular proteins 
(1.6 mg) were incubated with 3 g of anti-SUMO2/3 antibody (M114-3, 
MBL Life Science) or mouse immunoglobulin G (IgG) (sc-2025, 
Santa Cruz Biotechnology) with constant gentle mixing at 4°C for 
2 hours. Protein A/G PLUS-Agarose beads (20 l), equilibrated in 
lysis buffer, were added to the sample mixtures and incubated at 
4°C with gentle mixing for 1 hour. The agarose beads were collected 
by centrifugation at 1000g for 3 min and washed five times with 
buffer containing 50 mM tris (pH 7.5), 150 mM NaCl, 1.5 mM MgCl2, 
0.5 mM EDTA, 20 mM NEM, 1 mM PMSF, 0.75% NP-40, and 5% 
glycerol. After the final wash, the beads were resuspended in 40 l of 
2× SDS sample buffer. The SUMO2/3 immunoprecipitation samples 
were analyzed by SDS-PAGE, followed by immunoblotting using 
anti-TRIM28 (#6630, ProteinTech), anti-PML (A1184, ABclonal), or 
anti-SUMO2/3 antibodies (#4971, Cell Signaling Technology).

Recombinant protein expression and purification
Recombinant full-length human Epac1 and (1–148)Epac1 proteins 
were constructed as a GST fusion, expressed in Escherichia coli 
CK600K cells and purified as described previously (45, 67). Epac1 
and (1–148)Epac1 without the GST tag were generated by thrombin 
cleavage of GST-Epac1 and further purified to more than 95% purity 
using a Superdex 200 FPLC column. Recombinant His6-AOS1/
UBA2, UBC9, SUMO1, and SUMO2/3 proteins were expressed and 
purified as described previously (68).

Affinity pull-down of GST-Epac1 or GST-(1–148)Epac1 by 
His6-AOS1/UBA2 recombinant proteins
Purified His6-AOS/UBA2 protein (0.1 nmol) (>90% purity) was 
immobilized on Ni Sepharose beads (30 l of 50% slurry per sample) 
in a loading buffer [50 mM tris (pH 7.5), 150 mM NaCl, 1 mM MgCl2, 
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1 mM EDTA, 0.5% C12E9, 1 mM TCEP, and 1× protease inhibitor] at 
4°C with constant gentle mixing for 1 hour. The beads were then washed 
and equilibrated in binding buffer [50 mM tris (pH 8.5), 150 mM NaCl, 
1 mM MgCl2, 1 mM EDTA, 0.5% C12E9, 1 mM TCEP, and 1× protease 
inhibitor]. Purified GST, GST-(1–148)Epac1, or GST-Epac1 protein 
(0.1 nmol) was added to each reaction mixture in the absence or pres-
ence of 50 M cAMP. After 45-min incubation at 37°C with constant 
gentle mixing, the beads were washed twice by 500 l of binding 
buffer and three times by a washing buffer (same as the binding 
buffer except with 0.05% C12E9). His6-AOS/UBA2 was eluted from the 
beads with 30 l of washing buffer B containing 300 mM imidazole 
and analyzed using SDS-PAGE. cAMP (50 M) was included in all 
the binding and washing steps for samples containing cAMP.

In vitro UBC9 thioester intermediate formation assay
UBC9 SUMO thioester bond formation assay was performed using 
purified recombinant proteins in a SUMOylation reaction buffer con-
taining 20 mM Hepes (pH 7.3), 110 mM KOAC, 2 mM Mg(OAC)2, 
1 mM EGTA, 1 mM dithiothreitol, and 0.05% Tween 20. All reac-
tions contained 500 nM AOS1/UBA2, 20 M SUMO2, and varying 
UBC9 concentrations at 0, 2.5, 5, and 10 M. If present, Epac1 or 
cAMP concentration was at 1 or 20 M, respectively. The reaction 
was initiated with the addition of 2 mM adenosine 5′-triphosphate 
(ATP) and carried out at 37°C for 20 min. At the end of the reac-
tion, the assay was split into two equal portions and mixed with 
2× SDS sample buffer with or without 2-ME, respectively. After 
heating at 95°C for 5 min, the samples were analyzed by electrophoresis 
using stain-free SDS-PAGE.

Immunofluorescence staining
HUVECs, HEK293, or BMDMs plated on glass coverslips coated with 
2% gelatin or poly-l-lysine (10 g/ml) were treated with 007-AM or 
vehicle control for 7 min and washed with PBS two to three times. 
The cells were fixed with 10% formalin for 15 min at 37°C, rinsed 
three times with PBS for 5 min each, and permeabilized with 
0.25% Triton X-100 for 10 min. After rinsing with PBS three times, 
the cells were incubated with 5% normal goat or horse serum in PBS 
for 30 min to block nonspecific binding and followed by incubation 
of anti-Epac1 (1:50; Santa Cruz Biotechnology Inc., catalog no. 
SC-25632 or SC-28366), anti-UBA2 (1:250; Santa Cruz Biotechnology 
Inc., catalog no. SC-376305), anti-UBC9 (1:50; Cell Signaling Tech-
nology, catalog no. 4786), anti-SUMO1 (1:100; Cell Signaling Tech-
nology, catalog no. SC-4930), anti-SUMO2/3 (1:200; Cell Signaling 
Technology, catalog no. SC-4971), anti-SC35 (1:200; Abcam, cata-
log no. 11826), anti-PML (1:200; Santa Cruz Biotechnology Inc., 
catalog no. SC966), and anti-BMI (1:500; Cell Signaling Technology, 
catalog no. 6964) at 4°C overnight. After washing with 1× TBST 
(20 mM tris, 137 mM NaCl, 0.1% Tween 20) three times, cell speci-
mens were incubated with goat anti-rabbit IgG antibody, DyLight 488 
(1:200; Vector Laboratories, Burlingame, CA, catalog no. DI-1488) 
or horse anti-mouse IgG antibody, DyLight 549 (1:200; Vector Lab-
oratories, Burlingame, CA, catalog no. DI-2594) for 30 min at room 
temperature in the dark. After washing with 1× TBST three times, 
cell nuclei were stained with DAPI solution. Coverslips were mounted 
with FluorSave reagent for fluorescence microscopic imaging.

SIM fluorescence microscopic imaging and analysis
Images of double immunofluorescence staining of endogenous Epac1 
and UBA2, Epac1 and UBC9, Epac1 and SUMO1, or Epac1 and 

SUMO2/3 in HUVECs were captured by the Nikon N-SIM Structured 
Illumination Super Resolution Microscope System using 100× oil 
objective in slice three-dimensional (3D) SIM mode. Lasers (405, 488, 
and 561 nm) were used for three-color imaging. All images from 
both the 007-AM treatment and DMSO control groups were cap-
tured using the same parameters including the laser power and 
exposure time. Images for more than eight randomly selected fields 
from at least three independent coverslips per treatment condition 
were collected. SIM images were reconstructed using the Open 
Thumbnail N-SIM Slice Reconstruction Window of NIS-Elements 
Software (N-SIM) with the same optimized parameters for recon-
struction and LUTs (Look-Up Tables) adjustment for all images from 
both the 007-AM treatment and control groups. The signal intensity 
and density of the Epac1 and UBA2 nuclear speckles were analyzed 
using CellProfiler (32) with the speckle counting and scoring modules, 
while correlation between Epac1 and UBA2 nuclear speckles was 
analyzed with the colocalization module.

Confocal fluorescence microscopic imaging and analysis
Fluorescence images were captured by the Nikon A1R Confocal Laser 
Microscope System using a 100× oil objective. A 3D rendering of 
the fluorescent intensity topography was conducted by using the 3D 
surface plot analysis in ImageJ software. All images were subject 
to the same parameters for generation of the contoured images. 
Four to eight randomly selected fields from at least three indepen-
dent coverslips per treatment were used for data analysis. The 
nuclear residing puncta were analyzed in ImageJ (version 1.53c) by 
separating the channels, thresholding the DAPI channel, and using 
particle analysis to automate adding nuclear regions to the ROI 
(Region of Interest) Manager. These ROIs were then applied to the 
green or red channel where a second thresholding was conducted 
for high-intensity puncta, which was held constant across images. 
Individual nuclear ROIs were selected, watershed process was applied, 
and particle analysis was used to determine the number of puncta 
present within a given nucleus. This analysis was applied to a mini-
mum of 24 independent cells from multiple fields of view for each 
condition. Co-occurrence of fluorescence signal was determined by 
direct line analysis measurement in ImageJ. Channels for an image 
were segregated using the split function, followed by applying a 
straight line through the cytoplasm and nucleus of each cell on one 
channel and creating an identical line on the second channel using 
the restore selection function. The plot profile for each image was 
then taken as a list of mean gray intensities or relative fluorescence 
intensities to generate colored line graphs.

Live-cell imaging
For live-cell imaging, HEK293 cells were plated in glass-bottom 
plates (MatTek, catalog no. P35G-1.5-14-C) and transfected with 
Epac1-EYFP, Epac1-R279E-EYFP, pcDNA-mRuby-UBA2, or a com-
bination of Epac1-EYFP and pcDNA-mRuby-UBA2. Twenty-four 
to 36 hours after transfection and immediately before live-cell im-
aging, the cells were rinsed with warmed DPBS, incubated in 100 l 
of phenol red–free DMEM with Hoechst nuclear staining dye, and 
treated with 100 l of vehicle control, 007-AM (5 M), or ISO (10 M) 
in DPBS for live-cell imaging with a Nikon A1R confocal microscope. 
During imaging, cells were placed in a prewarmed humid chamber 
heated to 37°C with 5% CO2. NIS-Elements Software was used to set 
time-lapse capture of a single field of view every second for 10 min 
after addition of 007-AM or ISO. Static confocal images of the same 
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field were captured before and after the treatment with agonist as 
references.

FRAP analysis in live cell
FRAP experiments were conducted using a Nikon A1R confocal mi-
croscope equipped with a Tokai Hit stage top incubation chamber 
heated to 37°C and circulated with 5% CO2 air for live-cell imaging. 
Briefly, HEK293 cells seeded in poly-l-lysine–coated glass-bottom 
slide chamber were transfected with Epac1-EYFP. Twenty-four hours 
after transfection, the cells were starved with phenol red–free DMEM 
for 1 hour and treated with 5 M 007-AM. Nuclear Epac1-EYFP 
condensate formation was monitored by live-cell imaging. Appro-
priate field with multiple stable Epac1-EYFP nuclear condensates 
was selected. Baseline fluorescence intensities were established by 
collecting several frames of images before photobleaching using a 
488-nm laser set at 100% power output. Fluorescence recovery was 
followed by time-lapse video capturing at one frame per 10 s for 
210 s. NIS-Elements Software was used to analyze the fluorescence 
recovery by time measurement of the maximum pixel intensity of 
individual condensate within the selected ROI area. Fluorescence 
intensity was normalized to the baseline fluorescence intensity.

Disorder tendency and net charge calculation
The disorder tendency was predicted by IUPred2A (37) and PONDR 
(69). To plot the sliding net charge, the net charge of a sliding window 
of 20 residues was computed by assigning residues D and E a charge 
of −1, K and R a charge of +1, and H a charge of +0.5.

Epac1 PS diagram
Purified recombinant Epac1 (50 M) in an HS (high salt) buffer [25 mM 
tris (pH 8.8), 500 mM NaCl, 5 mM MgCl2, and 1 mM TCEP] was diluted 
to 5 (1:10), 10 (1:5), 15 (3:10), 20 (4:10), and 25 (1:1) M concentra-
tion using a dilution buffer (same as the HS buffer but with no NaCl), 
corresponding to final NaCl concentrations of 50, 100, 150, 200, and 
250 mM, respectively, with or without 30 M final cAMP. The protein 
solutions were incubated at room temperature for 15 min, and the 
degree of the protein PS was quantified by monitoring the absorbance 
(light scattering) at 320 nm using a NanoDrop spectrophotometer. 
To determine Csat, the protein solutions were cleared by centrifuga-
tion at 16,000 rpm for 15 min at room temperature and Epac1 con-
centrations in the supernatant were determined by OD280 (optical 
density at 280 nm) monitored via wavelength scanning between 240 
and 320 nm using a NanoDrop spectrophotometer. The Epac1 phase 
diagrams in the presence or absence of cAMP were generated by 
plotting the Epac1 Csat as a function of salt concentrations (36).

Isolation of primary BMDMs
Four-month-old mice were euthanized by isoflurane, followed by 
cervical dislocation. Femur and tibiae were removed and flushed 
with 10 ml of DPBS using a 25-guage needle to harvest the bone 
marrow. Resulting cells were siphoned through a 40-m nylon cell 
strainer, centrifuged at 500g for 5 min at 4°C, decanted, and resus-
pended in red blood cell lysing buffer Hybri-Max for 5 min at room 
temperature. Cells were pelleted and washed twice and then resus-
pended in 5 ml of FBS to be counted and seeded at 5 × 106 to 6 × 
106 cells per 10-cm uncoated, sterile culture dish for 12 to 16 hours 
in M0 media [DMEM high glucose, 10% FBS, rm-MCSF (20 ng/ml), 
penicillin/streptomycin (100 g/ml), and 1× nonessential amino 
acids] at 37°C, 5% CO2. Floating and loosely adherent cells were 

transferred to a cell culture–coated well for downstream experiments. 
After 24-hour incubation, an equivalent volume of fresh M0 media 
was added to each dish and incubated for 72 hours. Half of the media 
were replaced with fresh M0 media for an additional 48 hours, then 
this half-media exchange was repeated, and cells were incubated for 
24 hours to complete the differentiation to naïve macrophage (M0) 
cells before further treatment. All animal experiments were per-
formed according to protocols approved by the Institutional Animal 
Care and Use Committee of the University of Texas Health Science 
Center at Houston.

BMDM differentiation
Ex vivo differentiation of M0 BMDMs to foam cell (Mfoam) differen-
tiation was accomplished by incubating the M0 cells with Mfoam 
differentiation media [DMEM high glucose, 2% FBS, penicillin/
streptomycin (100 g/ml), 1× nonessential amino acids, and ox-LDL 
(40 g/ml)] for 48 hours. Cells were pretreated with either ML-792 
at indicated concentrations or DMSO for an hour before addition 
of the ox-LDL. After differentiation, cells were washed thrice with 
cold DPBS and fixed in 10% neutral-buffered formalin for 30 min at 
4°C, followed by two additional DPBS washes, and then equilibrated 
for 5 min in 78% methanol at room temperature. Cells were stained 
for 15 min with fresh 0.2% (w/v) Oil Red O (ORO) solution under 
constant agitation and then destained for 1 min with 78% methanol, 
followed by extensive DPBS washes. Following ORO staining, cells 
were counterstained with Meyer’s hematoxylin and 10 random fields 
of view were captured for each well on a Nikon light microscope to 
attain an average visual representation of overall lipid staining. The 
ORO stain was then eluted with 100% methanol for 10 min for 
quantitative measure of each well. Eluent was transferred to a 96-well 
plate, where absorbance at 500 nm was measured with a FlexStation 
3 microplate reader (Molecular Devices).

Statistical analyses
All data were analyzed using the Student’s t test or the analysis of 
variance with Bonferroni correction for multiple comparisons be-
tween groups. Measurements are expressed as means ± SEM. Statis-
tical significance was designated as P < 0.05.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abm2960

View/request a protocol for this paper from Bio-protocol.

REFERENCES AND NOTES
 1. A. Flotho, F. Melchior, Sumoylation: A regulatory protein modification in health 

and disease. Annu. Rev. Biochem. 82, 357–385 (2013).
 2. H. Saitoh, J. Hinchey, Functional heterogeneity of small ubiquitin-related protein 

modifiers SUMO-1 versus SUMO-2/3. J. Biol. Chem. 275, 6252–6258 (2000).
 3. W. Zhou, J. J. Ryan, H. Zhou, Global analyses of sumoylated proteins in Saccharomyces 

cerevisiae. Induction of protein sumoylation by cellular stresses. J. Biol. Chem. 279, 
32262–32268 (2004).

 4. F. Golebiowski, I. Matic, M. H. Tatham, C. Cole, Y. Yin, A. Nakamura, J. Cox, G. J. Barton, 
M. Mann, R. T. Hay, System-wide changes to SUMO modifications in response to heat 
shock. Sci. Signal. 2, ra24 (2009).

 5. W. Yang, J. W. Thompson, Z. Wang, L. Wang, H. Sheng, M. W. Foster, M. A. Moseley, 
W. Paschen, Analysis of oxygen/glucose-deprivation-induced changes in SUMO3 conjugation 
using SILAC-based quantitative proteomics. J. Proteome Res. 11, 1108–1117 (2012).

 6. N. Zheng, N. Shabek, Ubiquitin ligases: Structure, function, and regulation. Annu. Rev. 
Biochem. 86, 129–157 (2017).

 7. S. Bergink, S. Jentsch, Principles of ubiquitin and SUMO modifications in DNA repair. 
Nature 458, 461–467 (2009).

https://science.org/doi/10.1126/sciadv.abm2960
https://science.org/doi/10.1126/sciadv.abm2960
https://en.bio-protocol.org/cjrap.aspx?eid=10.1126/sciadv.abm2960


Yang et al., Sci. Adv. 8, eabm2960 (2022)     20 April 2022

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

14 of 15

 8. J. de Rooij, F. J. T. Zwartkruis, M. H. G. Verheijen, R. H. Cool, S. M. B. Nijman, 
A. Wittinghofer, J. L. Bos, Epac is a Rap1 guanine-nucleotide-exchange factor directly 
activated by cyclic AMP. Nature 396, 474–477 (1998).

 9. H. Kawasaki, G. M. Springett, N. Mochizuki, S. Toki, M. Nakaya, M. Matsuda, D. E. Housman, 
A. M. Graybiel, A family of cAMP-binding proteins that directly activate Rap1. Science 282, 
2275–2279 (1998).

 10. X. Cheng, Z. Ji, T. Tsalkova, F. Mei, Epac and PKA: A tale of two intracellular cAMP 
receptors. Acta Biochim. Biophys. Sin. Shanghai 40, 651–662 (2008).

 11. U. Banerjee, X. Cheng, Exchange protein directly activated by cAMP encoded by 
the mammalian rapgef3 gene: Structure, function and therapeutics. Gene 570, 157–167 
(2015).

 12. K. Sugawara, T. Shibasaki, H. Takahashi, S. Seino, Structure and functional roles of Epac2 
(Rapgef4). Gene 575, 577–583 (2016).

 13. M. Schmidt, F. J. Dekker, H. Maarsingh, Exchange protein directly activated by cAMP 
(epac): A multidomain cAMP mediator in the regulation of diverse biological functions. 
Pharmacol. Rev. 65, 670–709 (2013).

 14. W. G. Robichaux III, X. Cheng, Intracellular cAMP sensor EPAC: Physiology, 
pathophysiology, and therapeutics development. Physiol. Rev. 98, 919–1053 (2018).

 15. F. Lezoualc'h, L. Fazal, M. Laudette, C. Conte, Cyclic AMP sensor EPAC proteins and their 
role in cardiovascular function and disease. Circ. Res. 118, 881–897 (2016).

 16. H. Liu, F. C. Mei, W. Yang, H. Wang, E. Wong, J. Cai, E. Toth, P. Luo, Y.-M. Li, W. Zhang, 
X. Cheng, Epac1 inhibition ameliorates pathological angiogenesis through coordinated 
activation of Notch and suppression of VEGF signaling. Sci. Adv. 6, eaay3566 (2020).

 17. W. G. Robichaux III, F. C. Mei, W. Yang, H. Wang, H. Sun, Z. Zhou, D. M. Milewicz, 
B.-B. Teng, X. Cheng, Epac1 (exchange protein directly activated by cAMP 1) upregulates 
lox-1 (oxidized low-density lipoprotein receptor 1) to promote foam cell formation 
and atherosclerosis development. Arterioscler. Thromb. Vasc. Biol. 40, e322–e335 (2020).

 18. W. Yang, F. C. Mei, X. Cheng, EPAC1 regulates endothelial annexin A2 cell surface 
translocation and plasminogen activation. FASEB J. 32, 2212–2222 (2018).

 19. F. Baameur, P. Singhmar, Y. Zhou, J. F. Hancock, X. Cheng, C. J. Heijnen, A. Kavelaars, 
Epac1 interacts with importin 1 and controls neurite outgrowth independently of cAMP 
and Rap1. Sci. Rep. 6, 36370 (2016).

 20. C. Liu, M. Takahashi, Y. Li, T. J. Dillon, S. Kaech, P. J. S. Stork, The interaction of Epac1 
and Ran promotes Rap1 activation at the nuclear envelope. Mol. Cell. Biol. 30, 3956–3969 
(2010).

 21. M. Gloerich, M. J. Vliem, E. Prummel, L. A. T. Meijer, M. G. A. Rensen, H. Rehmann, J. L. Bos, 
The nucleoporin RanBP2 tethers the cAMP effector Epac1 and inhibits its catalytic 
activity. J. Cell Biol. 193, 1009–1020 (2011).

 22. F. C. Mei, X. Cheng, Interplay between exchange protein directly activated by cAMP 
(Epac) and microtubule cytoskeleton. Mol. BioSyst. 1, 325–331 (2005).

 23. S. Adhikari, E. C. Nice, E. W. Deutsch, L. Lane, G. S. Omenn, S. R. Pennington, Y. K. Paik, 
C. M. Overall, F. J. Corrales, I. M. Cristea, J. E. van Eyk, M. Uhlén, C. Lindskog, D. W. Chan, 
A. Bairoch, J. C. Waddington, J. L. Justice, J. LaBaer, H. Rodriguez, F. He, M. Kostrzewa, 
P. Ping, R. L. Gundry, P. Stewart, S. Srivastava, S. Srivastava, F. C. S. Nogueira, 
G. B. Domont, Y. Vandenbrouck, M. P. Y. Lam, S. Wennersten, J. A. Vizcaino, M. Wilkins, 
J. M. Schwenk, E. Lundberg, N. Bandeira, G. Marko-Varga, S. T. Weintraub, C. Pineau, 
U. Kusebauch, R. L. Moritz, S. B. Ahn, M. Palmblad, M. P. Snyder, R. Aebersold, M. S. Baker, 
A high-stringency blueprint of the human proteome. Nat. Commun. 11, 5301 (2020).

 24. I. A. Hendriks, A. C. Vertegaal, A comprehensive compilation of SUMO proteomics. 
Nat. Rev. Mol. Cell Biol. 17, 581–595 (2016).

 25. Y. Fang, M. E. Olah, Cyclic AMP-dependent, protein kinase A-independent activation 
of extracellular signal-regulated kinase 1/2 following adenosine receptor stimulation 
in human umbilical vein endothelial cells: Role of exchange protein activated by cAMP 1 
(Epac1). J. Pharmacol. Exp. Ther. 322, 1189–1200 (2007).

 26. M. J. Vliem, B. Ponsioen, F. Schwede, W. J. Pannekoek, J. Riedl, M. R. H. Kooistra, K. Jalink, 
H. G. Genieser, J. L. Bos, H. Rehmann, 8-pCPT-2'-O-Me-cAMP-AM: An improved 
Epac-selective cAMP analogue. Chembiochem 9, 2052–2054 (2008).

 27. O. G. Chepurny, C. A. Leech, G. G. Kelley, I. Dzhura, E. Dzhura, X. Li, M. J. Rindler, 
F. Schwede, H. G. Genieser, G. G. Holz, Enhanced Rap1 activation and insulin 
secretagogue properties of an acetoxymethyl ester of an Epac-selective cyclic AMP 
analog in rat INS-1 cells: Studies with 8-pCPT-2'-O-Me-cAMP-AM. J. Biol. Chem. 284, 
10728–10736 (2009).

 28. S. K. Olsen, A. D. Capili, X. Lu, D. S. Tan, C. D. Lima, Active site remodelling accompanies 
thioester bond formation in the SUMO E1. Nature 463, 906–912 (2010).

 29. X. He, J. Riceberg, T. Soucy, E. Koenig, J. Minissale, M. Gallery, H. Bernard, X. Yang, H. Liao, 
C. Rabino, P. Shah, K. Xega, Z. H. Yan, M. Sintchak, J. Bradley, H. Xu, M. Duffey, D. England, 
H. Mizutani, Z. Hu, J. Guo, R. Chau, L. R. Dick, J. E. Brownell, J. Newcomb, S. Langston, 
E. S. Lightcap, N. Bence, S. M. Pulukuri, Probing the roles of SUMOylation in cancer cell 
biology by using a selective SAE inhibitor. Nat. Chem. Biol. 13, 1164–1171 (2017).

 30. Y. Hu, W. G. Robichaux III, F. C. Mei, E. R. Kim, H. Wang, Q. Tong, J. Jin, M. Xu, J. Chen, 
X. Cheng, Role of exchange protein directly activated by cyclic AMP isoform 1 in energy 

homeostasis: Regulation of leptin expression and secretion in white adipose tissue. 
Mol. Cell. Biol. 36, 2440–2450 (2016).

 31. F. C. Mei, J. Qiao, O. M. Tsygankova, J. L. Meinkoth, L. A. Quilliam, X. Cheng, Differential 
signaling of cyclic AMP. J. Biol. Chem. 277, 11497–11504 (2002).

 32. C. M. Quin, A. Goodman, V. Chernyshev, L. Kamentsky, B. A. Cimini, K. W. Karhohs, 
M. Doan, L. Ding, S. M. Rafelski, D. Thirstrup, W. Wiegraebe, S. Singh, T. Becker, 
J. C. Caicedo, A. E. Carpenter, CellProfiler 3.0: Next-generation image processing 
for biology. PLOS Biol. 16, e2005970 (2018).

 33. S. P. Langston, S. Grossman, D. England, R. Afroze, N. Bence, D. Bowman, N. Bump, 
R. Chau, B. C. Chuang, C. Claiborne, L. Cohen, K. Connolly, M. Duffey, N. Durvasula, 
S. Freeze, M. Gallery, K. Galvin, J. Gaulin, R. Gershman, P. Greenspan, J. Grieves, J. Guo, 
N. Gulavita, S. Hailu, X. He, K. Hoar, Y. Hu, Z. Hu, M. Ito, M. S. Kim, S. W. Lane, D. Lok, 
A. Lublinsky, W. Mallender, C. McIntyre, J. Minissale, H. Mizutani, M. Mizutani, 
N. Molchinova, K. Ono, A. Patil, M. Qian, J. Riceberg, V. Shindi, M. D. Sintchak, K. Song, 
T. Soucy, Y. Wang, H. Xu, X. Yang, A. Zawadzka, J. Zhang, S. M. Pulukuri, Discovery 
of TAK-981, a first-in-class inhibitor of sumo-activating enzyme for the treatment 
of cancer. J. Med. Chem. 64, 2501–2520 (2021).

 34. J. Qiao, F. C. Mei, V. L. Popov, L. A. Vergara, X. Cheng, Cell cycle-dependent subcellular 
localization of exchange factor directly activated by cAMP. J. Biol. Chem. 277, 
26581–26586 (2002).

 35. B. R. Sabari, A. Dall'Agnese, R. A. Young, Biomolecular condensates in the nucleus. 
Trends Biochem. Sci. 45, 961–977 (2020).

 36. S. Alberti, A. Gladfelter, T. Mittag, Considerations and challenges in studying liquid-liquid 
phase separation and biomolecular condensates. Cell 176, 419–434 (2019).

 37. B. Mészáros, G. Erdos, Z. Dosztányi, IUPred2A: Context-dependent prediction of protein 
disorder as a function of redox state and protein binding. Nucleic Acids Res. 46, 
W329–W337 (2018).

 38. E. Garner, P. Romero, A. K. Dunker, C. Brown, Z. Obradovic, Predicting binding regions 
within disordered proteins. Genome Inform. Ser. Workshop Genome Inform. 10, 41–50 (1999).

 39. S. Kroschwald, S. Maharana, D. Mateju, L. Malinovska, E. Nüske, I. Poser, D. Richter, 
S. Alberti, Promiscuous interactions and protein disaggregases determine the material 
state of stress-inducible RNP granules. eLife 4, e06807 (2015).

 40. K. Ribbeck, D. Görlich, The permeability barrier of nuclear pore complexes appears 
to operate via hydrophobic exclusion. EMBO J. 21, 2664–2671 (2002).

 41. T. R. Peskett, F. Rau, J. O’Driscoll, R. Patani, A. R. Lowe, H. R. Saibil, A liquid to solid phase 
transition underlying pathological huntingtin exon1 aggregation. Mol. Cell 70,  
588–601.e6 (2018).

 42. A. Kraemer, H. R. Rehmann, R. H. Cool, C. Theiss, J. de Rooij, J. L. Bos, A. Wittinghofer, 
Dynamic interaction of cAMP with the Rap guanine-nucleotide exchange factor Epac1. 
J. Mol. Biol. 306, 1167–1177 (2001).

 43. H. Rehmann, A. Rueppel, J. L. Bos, A. Wittinghofer, Communication between 
the regulatory and the catalytic region of the cAMP-responsive guanine nucleotide 
exchange factor Epac. J. Biol. Chem. 278, 23508–23514 (2003).

 44. S. Yu, F. Fan, S. C. Flores, F. Mei, X. Cheng, Dissecting the mechanism of Epac activation 
via hydrogen-deuterium exchange FT-IR and structural modeling. Biochemistry 45, 
15318–15326 (2006).

 45. M. Brock, F. Fan, F. C. Mei, S. Li, C. Gessner, V. L. Woods Jr., X. Cheng, Conformational 
analysis of Epac activation using amide hydrogen/deuterium exchange mass 
spectrometry. J. Biol. Chem. 282, 32256–32263 (2007).

 46. S. F. Banani, A. M. Rice, W. B. Peeples, Y. Lin, S. Jain, R. Parker, M. K. Rosen, Compositional 
control of phase-separated cellular bodies. Cell 166, 651–663 (2016).

 47. B. G. O'Flynn, T. Mittag, The role of liquid-liquid phase separation in regulating enzyme 
activity. Curr. Opin. Cell Biol. 69, 70–79 (2021).

 48. W. Peeples, M. K. Rosen, Mechanistic dissection of increased enzymatic rate in a 
phase-separated compartment. Nat. Chem. Biol. 17, 693–702 (2021).

 49. J. Z. Zhang, T.-W. Lu, L. M. Stolerman, B. Tenner, J. R. Yang, J.-F. Zhang, M. Falcke, 
P. Rangamani, S. S. Taylor, S. Mehta, J. Zhang, Phase separation of a PKA regulatory subunit 
controls cAMP compartmentation and oncogenic signaling. Cell 182, 1531–1544.e15 (2020).

 50. L. Mendler, T. Braun, S. Müller, The ubiquitin-like SUMO system and heart function: 
From development to disease. Circ. Res. 118, 132–144 (2016).

 51. P. Krumova, J. H. Weishaupt, Sumoylation in neurodegenerative diseases. Cell. Mol. Life Sci. 
70, 2123–2138 (2013).

 52. K. D. Sarge, O. K. Park-Sarge, Sumoylation and human disease pathogenesis.  
Trends Biochem. Sci. 34, 200–205 (2009).

 53. H. M. Chang, E. T. H. Yeh, SUMO: From bench to bedside. Physiol. Rev. 100, 1599–1619 
(2020).

 54. Y. Onodera, J. M. Nam, M. J. Bissell, Increased sugar uptake promotes oncogenesis via 
EPAC/RAP1 and O-GlcNAc pathways. J. Clin. Invest. 124, 367–384 (2014).

 55. M. Almahariq, F. C. Mei, X. Cheng, The pleiotropic role of exchange protein directly 
activated by cAMP 1 (EPAC1) in cancer: Implications for therapeutic intervention. 
Acta Biochim. Biophys. Sin. Shanghai 48, 75–81 (2016).



Yang et al., Sci. Adv. 8, eabm2960 (2022)     20 April 2022

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

15 of 15

 56. H. Wang, C. J. Heijnen, C. T. J. van Velthoven, H. L. D. M. Willemen, Y. Ishikawa, X. Zhang, 
A. K. Sood, A. Vroon, N. Eijkelkamp, A. Kavelaars, Balancing GRK2 and EPAC1 levels 
prevents and relieves chronic pain. J. Clin. Invest. 123, 5023–5034 (2013).

 57. P. Singhmar, X. J. Huo, N. Eijkelkamp, S. R. Berciano, F. Baameur, F. C. Mei, Y. Zhu, 
X. Cheng, D. Hawke, F. Mayor Jr., C. Murga, C. J. Heijnen, A. Kavelaars, Critical role 
for Epac1 in inflammatory pain controlled by GRK2-mediated phosphorylation of Epac1. 
Proc. Natl. Acad. Sci. U.S.A. 113, 3036–3041 (2016).

 58. P. Singhmar, X. J. Huo, Y. Li, P. M. Dougherty, F. Mei, X. Cheng, C. J. Heijnen, A. Kavelaars, 
Orally active Epac inhibitor reverses mechanical allodynia and loss of intraepidermal 
nerve fibers in a mouse model of chemotherapy-induced peripheral neuropathy. Pain 
159, 884–893 (2018).

 59. B. Gong, T. Shelite, F. C. Mei, T. Ha, Y. Hu, G. Xu, Q. Chang, M. Wakamiya, T. G. Ksiazek, 
P. J. Boor, D. H. Bouyer, V. L. Popov, J. Chen, D. H. Walker, X. Cheng, Exchange protein 
directly activated by cAMP plays a critical role in bacterial invasion during fatal 
rickettsioses. Proc. Natl. Acad. Sci. U.S.A. 110, 19615–19620 (2013).

 60. X. Tao, F. Mei, A. Agrawal, C. J. Peters, T. G. Ksiazek, X. Cheng, C. T. K. Tseng, Blocking 
of exchange proteins directly activated by cAMP leads to reduced replication of Middle 
East respiratory syndrome coronavirus. J. Virol. 88, 3902–3910 (2014).

 61. H. Wang, W. G. Robichaux, Z. Wang, F. C. Mei, M. Cai, G. du, J. Chen, X. Cheng, Inhibition 
of Epac1 suppresses mitochondrial fission and reduces neointima formation induced by 
vascular injury. Sci. Rep. 6, 36552 (2016).

 62. Y. Kato, U. Yokoyama, C. Yanai, R. Ishige, D. Kurotaki, M. Umemura, T. Fujita, T. Kubota, 
S. Okumura, M. Sata, T. Tamura, Y. Ishikawa, Epac1 deficiency attenuated vascular 
smooth muscle cell migration and neointimal formation. Arterioscler. Thromb. Vasc. Biol. 
35, 2617–2625 (2015).

 63. U. Yokoyama, S. Minamisawa, H. Quan, T. Akaike, M. Jin, K. Otsu, C. Ulucan, X. Wang, 
E. Baljinnyam, M. Takaoka, M. Sata, Y. Ishikawa, Epac1 is upregulated during neointima 
formation and promotes vascular smooth muscle cell migration. Am. J. Physiol. Heart Circ. 
Physiol. 295, H1547–H1555 (2008).

 64. A. Shevchenko, A. Loboda, W. Ens, B. Schraven, K. G. Standing, Archived polyacrylamide 
gels as a resource for proteome characterization by mass spectrometry. Electrophoresis 
22, 1194–1203 (2001).

 65. J. Chen, E. E. Bardes, B. J. Aronow, A. G. Jegga, ToppGene Suite for gene list 
enrichment analysis and candidate gene prioritization. Nucleic Acids Res. 37, 
W305–W311 (2009).

 66. S. S. Lam, J. D. Martell, K. J. Kamer, T. J. Deerinck, M. H. Ellisman, V. K. Mootha, A. Y. Ting, 
Directed evolution of APEX2 for electron microscopy and proximity labeling.  
Nat. Methods 12, 51–54 (2015).

 67. Y. Zhu, H. Chen, S. Boulton, F. Mei, N. Ye, G. Melacini, J. Zhou, X. Cheng, Biochemical 
and pharmacological characterizations of ESI-09 based EPAC inhibitors: Defining 
the ESI-09 “therapeutic window”. Sci. Rep. 5, 9344 (2015).

 68. A. Werner, M. C. Moutty, U. Möller, F. Melchior, Performing in vitro sumoylation reactions 
using recombinant enzymes. Methods Mol. Biol. 497, 187–199 (2009).

 69. P. Romero, Z. Obradovic, A. K. Dunker, Natively disordered proteins. Appl. Bioinform. 3, 
105–113 (2004).

Acknowledgments: We thank O. Chumakova and T. Moore for support and assistance in 
microscopic imaging. Funding: This work was supported by the NIH (R35GM122536) and the 
American Heart Association (20TPA35410051). The funders had no role in the study design, 
data collection and analysis, decision to publish, or preparation of the manuscript. Author 
contributions: W.Y.: Methodology, validation, formal analysis, investigation, data curation, 
writing (review and editing), and visualization. W.G.R.: Methodology, validation, formal 
analysis, investigation, data curation, writing (review and editing), and visualization. F.C.M.: 
Methodology, validation, formal analysis, investigation, data curation, writing (review and 
editing), and visualization. W.L.: Methodology, validation, investigation, data curation, and 
writing (review and editing). L.L.: Methodology, validation, investigation, and data curation. 
S.P.: Data curation and writing (review and editing). M.A.W.: Methodology and investigation. 
Y.C.: Resources and writing (review and editing). X.C.: Conceptualization, methodology, 
validation, formal analysis, investigation, resources, data curation, writing (original draft 
preparation, review, and editing), visualization, supervision, project administration, and 
funding acquisition. Competing interests: Y.C. reports equity ownership, Board of Director, 
and consulting fees with Suvalent Therapeutics and Aravalent Therapeutics outside the 
submitted work. The authors declare no other competing interests. Data and materials 
availability: All data needed to evaluate the conclusions in the paper are present in the paper 
and/or the Supplementary Materials.

Submitted 16 September 2021
Accepted 4 March 2022
Published 20 April 2022
10.1126/sciadv.abm2960


