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Because raising cAMP enhances 26S proteasome activity and the
degradation of cell proteins, including the selective breakdown of
misfolded proteins, we investigated whether agents that raise
cGMP may also regulate protein degradation. Treating various cell
lines with inhibitors of phosphodiesterase 5 or stimulators of
soluble guanylyl cyclase rapidly enhanced multiple proteasome
activities and cellular levels of ubiquitinated proteins by activating
protein kinase G (PKG). PKG stimulated purified 26S proteasomes
by phosphorylating a different 26S component than is modified by
protein kinase A. In cells and cell extracts, raising cGMP also
enhanced within minutes ubiquitin conjugation to cell proteins.
Raising cGMP, like raising cAMP, stimulated the degradation of
short-lived cell proteins, but unlike cAMP, also markedly increased
proteasomal degradation of long-lived proteins (the bulk of cell
proteins) without affecting lysosomal proteolysis. We also tested
if raising cGMP, like cAMP, can promote the degradation of mu-
tant proteins that cause neurodegenerative diseases. Treating
zebrafish models of tauopathies or Huntington’s disease with a
PDE5 inhibitor reduced the levels of the mutant huntingtin and
tau proteins, cell death, and the resulting morphological abnormali-
ties. Thus, PKG rapidly activates cytosolic proteasomes, protein ubiq-
uitination, and overall protein degradation, and agents that raise
cGMP may help combat the progression of neurodegenerative
diseases.

cGMP | protein kinase G | proteasome phosphorylation | protein
degradation

In mammalian cells, the great majority of proteins are degraded
by the ubiquitin proteasome system (UPS) (1). These proteins

are targeted for degradation by linkage to a ubiquitin chain and
are then hydrolyzed by the 26S proteasome. Because of the very
large number of enzymes specifically involved in ubiquitinating
different substrates, and the many cellular processes that are
regulated by ubiquitination of key proteins, it is generally as-
sumed that a protein’s rate of degradation is determined solely
by its rate of ubiquitination. However, there is growing evidence
that protein half-lives are also influenced by changes in protea-
some activity, as occur in various physiological and pathological
conditions (1, 2). One form of proteasome regulation that has
been recently established to be physiologically important and
therapeutically promising is the phosphorylation of proteasome
subunits (2). A number of kinases have been reported to alter
proteasome activities (2), including CAMKII (3), ASK1 (4, 5),
Aurora B (6), p38 MAPK (5, 7), PIM (8), and protein kinase G
(PKG) (9, 10), although only two have been shown to have clear
effects on intracellular protein degradation and to enhance
proteasome function via subunit phosphorylation: DYRK2 (11,
12) and protein kinase A (PKA) (13–15).
cAMP and PKA were shown to increase the ability of purified

26S proteasomes to hydrolyze polyubiquitinated proteins, ATP,

and small peptides via phosphorylation of Serine 14 in Rpn6, a
subunit of the 19S regulatory complex (13, 15). Activating PKA
with pharmacological agents that increase cAMP synthesis by
adenylyl cyclases or inhibit its breakdown by phosphodiesterase 4
stimulated the selective degradation of short-lived cell proteins,
which include misfolded and many regulatory proteins, but not
the long-lived cell constituents, which comprise the bulk of cell
proteins (13). A similar activation of proteasomes and protein
degradation in vivo by PKA also occurs in response to various
endocrine stimuli that act by raising cAMP levels (15). For ex-
ample, proteasome activity, Rpn6-S14 phosphorylation, and the
breakdown of short-lived proteins are all enhanced in mouse
hepatocytes after exposure to glucagon or epinephrine and in
kidney cells by vasopressin (15). Proteasome activity also in-
creases by this mechanism in livers and skeletal muscles of mice
when cAMP levels increased during a brief fast and in skeletal
muscles of humans and rats upon intense exercise (15). Fur-
thermore, the ability of PKA to stimulate the degradation of
misfolded proteins has therapeutic promise because pharmaco-
logical agents that raise cAMP enhanced the capacity of cultured
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cells (13) and mouse brains (14, 16) to destroy misfolded pro-
teins, such as mutant forms of tau that cause frontotemporal
dementia. In the present study, we demonstrate that raising
cGMP and activating the cGMP-dependent kinase (PKG) can
also stimulate 26S proteasomes and protein degradation, but in a
manner distinct from PKA, and that these treatments also have
beneficial effects in models of neurodegenerative diseases
caused by an accumulation of mutant, misfolded proteins.
cGMP is an intracellular second messenger that is synthesized

by soluble guanylyl cyclases in response to nitric oxide (17) or by
transmembrane guanylyl cyclases in response to peptide hor-
mones, such as natriuretic peptides (18). Most interest in cGMP
has focused on its role in mediating smooth muscle relaxation
and vasodilation, and many agents that raise cGMP are used
clinically because of their beneficial effects on cardiovascular
function. Inhibitors of phosphodiesterase 5 (PDE5; e.g., silde-
nafil or tadalafil), which raise cGMP by blocking its hydrolysis to
GMP, are widely used for the treatment of erectile disfunction
and pulmonary hypertension (19), and stimulators of soluble
guanylyl cyclases (e.g., vericiguat or riociguat), which stimulate
cGMP synthesis, are used as treatments for pulmonary hyper-
tension and heart failure (17).
Although the ability of these agents to alter protein turnover

generally or to combat the progression of neurodegenerative
disease has received little or no attention, in a mouse model of a
cardiomyopathy caused by overexpression of mutant αβ crystal-
lin, raising cGMP with sildenafil was shown to reduce cardiac
hypertrophy (10). This treatment also raised proteasomal pep-
tidase activity in the heart and reduced the levels of mutant
αβ-crystallin (10). These findings suggested that agents that raise
cGMP may have therapeutic potential in hereditary cardiomy-
opathies. However, it was not clear whether these effects of
cGMP on proteasomes are specific to the heart, whether PKG
directly activates proteasomes, or whether cGMP may enhance
intracellular protein breakdown generally and may also influence
protein ubiquitination or autophagy.
Here we have systematically investigated whether different

pharmacological agents that raise cGMP influence 26S protea-
some function and the degradation of different classes of cell
proteins. These studies demonstrate that PKG stimulates mul-
tiple 26S proteasome activities by phosphorylation of a different
proteasome component than is modified by PKA. Also, unlike
cAMP, cGMP stimulates the degradation of the bulk of cell
proteins, and not just short-lived proteins. Because of these large
increases in protein degradation, we also studied whether raising
cGMP increases protein ubiquitination and autophagy. A num-
ber of major neurodegenerative diseases are caused by the ac-
cumulation of misfolded or mutant proteins, and in many cases
the build-up of such aggregation-prone proteins impairs pro-
teasome function, which leads to further defects in protein ho-
meostasis (14, 20, 21). Because of the therapeutic potential of
stimulating proteasome activity and enhancing the breakdown of
disease-associated proteins, we also tested in zebrafish larvae
models of tauopathies and Huntington’s disease whether raising
cGMP or cAMP can stimulate the degradation of the causative
mutant proteins and alleviate the associated pathologies.

Results
Pharmacological Agents That Raise cGMP Stimulate 26S Proteasome
Activities. To raise the intracellular levels of cGMP, we used two
inhibitors of PDE5, tadalafil or sildenafil, and two stimulators of
soluble guanylyl cyclases, BAY41-2272 or cinaciguat. Addition of
tadalafil (100 nM) or BAY41-2272 (100 nM) to human neuro-
blastoma cells (SH-SY5Y) caused a rapid increase in the pro-
teasomes’ chymotrypsin-like peptidase activity in cell lysates
(Fig. 1A). This increase was evident by 5 min after the addition of
tadalafil or BAY41-2272 and was maximal at 30 min (Fig. 1A).
As expected, the addition of tadalafil and BAY41-2272 together

caused a faster increase in activity, which was maximal 10 min
after their addition (Fig. 1A). This activity decreased between 30
and 90 min after addition, although it remained above control
levels at 90 min (Fig. 1A).
This rapid stimulation and slow decline of peptidase activity

occurred without any change in the levels of proteasome subunits
(Fig. 1B). In addition, this cGMP-mediated stimulation of pro-
teasome activity was not due to an increase in the assembly of the
26S proteasomes. When SH-SY5Y cells were treated with
tadalafil, no change in the amounts of singly or doubly capped
26S proteasomes was seen at 15 min or 2 or 4 h later, as mea-
sured by native polyacrylamide gel electrophoresis (PAGE) and
western blot (Fig. 1C).
To verify that these increases in peptide hydrolysis were due to

greater 26S proteasome activity, SH-SY5Y cells were treated for
30 min with tadalafil, BAY41-2272, or these two agents together,
and the 26S proteasomes were then purified using the UBL
domain as the affinity ligand (22). The proteasomes from cells
treated with tadalafil or BAY41-2272 exhibited 60 to 80%
greater chymotrypsin-like activity, and the particles from cells
incubated with both agents were approximately twice as active as
those from control cells (Fig. 1D). Similar increases were also
seen in the 26S proteasome’s caspase-like and trypsin-like ac-
tivities (Fig. 1D). This coordinated enhancement of all three
peptidase activities strongly suggests that activation involves
more rapid entry of peptides into the 20S core, as occurs in other
types of proteasome activation (23), rather than a stimulation of
individual active sites.
The physiological substrates of 26S proteasomes are ubiq-

uitinated proteins, whose degradation is linked to ATP hydro-
lysis (1). The proteasomes isolated from tadalafil or BAY41-
2272–treated cells showed a greater capacity to hydrolyze ATP
(Fig. 1E), and a polyubiquitinated protein, as assayed using as
the substrate the fluorescent protein mEOS3.2 bearing a single
K48-linked polyubiquitinated chain (24) (Fig. 1F). Thus, raising
cGMP increases multiple activities of 26S proteasomes by a
postsynthetic modification without increasing 26S proteasome
assembly.

PKG Activates Cytosolic, but Not Nuclear, Proteasomes. Inhibiting
the activation of PKG by treating SH-SY5Y cells with the cGMP
analog Rp-8-Br-PET-cGMPs blocked the increases in the
chymotrypsin-like activity induced by tadalafil and BAY41-2272
(Fig. 2A). Furthermore, transient overexpression of PKG1α in
HEK293 cells stimulated this activity (SI Appendix, Fig. S1A).
Although 26S proteasomes are abundant in both the nucleus and
cytosol, PKG is localized primarily to the cytosol (25) (SI Ap-
pendix, Fig. S1B). Therefore, we tested whether activated PKG in
cells stimulates the activities of proteasomes in both fractions.
After treatment of SH-SY5Y cells with tadalafil or dimethyl
sulfoxide (DMSO) for 30 min and hypotonic lysis, nuclei were
separated from the cytosol by differential centrifugation and
then 26S proteasomes were purified from each fraction by the
UBL method. After tadalafil treatment, the cytosolic, but not the
nuclear proteasomes, exhibited greater peptidase activity (Fig. 2B).
Higher levels of protein phosphorylation were detected by western
blot for pSer/Thr residues that are preceded by the amino acid
sequence RRX (Fig. 2C). RRXpS/T is a consensus motif of PKG
(26). Two phosphorylated bands of ∼130 kDa and 100 kDa were
more intense across all conditions that raised cGMP and thus
correlated with the increased proteasome activities. Because no
proteasome subunit is larger than 100 kDa, the 130-kDa band must
be a proteasome-associated protein.

Phosphorylation Is Required for the Proteasome Activation Caused by
Intracellular cGMP and PKG Phosphorylates and Activates Purified
Proteasomes. To verify that phosphorylation of proteasome sub-
units or a proteasome-associated protein is responsible for the
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activation by cGMP and PKG, 26S proteasomes were affinity-
purified from SH-SY5Y cells after a 30-min treatment with
tadalafil or DMSO and incubated with λ phosphatase. This en-
zyme reduced the levels of phosphorylated proteins (Fig. 2D)
and eliminated the tadalafil-mediated increase in chymotrypsin-
like activity (Fig. 2E).
Because PKG may activate proteasomes indirectly in cells by

phosphorylating another kinase or a cytosolic protein, which
then might bind and activate the proteasomes, we tested whether
PKG can phosphorylate and activate the affinity-purified 26S
proteasomes. After incubation of 26S proteasomes from human
fibroblasts (BJ5A) with increasing concentrations of human
PKG1α for 1 h, the levels of phosphorylated bands at 100 and
130 kDa in the proteasome preparations increased in a
concentration-dependent manner (Fig. 2F). There was also a
concentration-dependent increase in the proteasome’s peptidase
activity (Fig. 2G). Thus, phosphorylation is essential for pro-
teasome activation, and PKG in vitro can stimulate 26S activity
by phosphorylating a proteasome subunit or a tightly associated
regulatory protein.

PKG Does Not Phosphorylate Rpn6, Rpt3, or Rpt6. Prior work has
demonstrated that phosphorylation of two sites on the 19S reg-
ulatory particle increases proteasomal activities: Rpn6-S14 by
PKA (13, 15) and Rpt3-Thr25 by DYRK2 (11, 12). Using
phosphosite-specific antibodies, we tested if levels of these
phosphorylated subunits increase in 26S proteasomes purified
from tadalafil- or BAY-412272–treated SH-SY5Y cells. Neither
treatment increased the phosphorylation of these sites (Fig. 2H),
nor did transient overexpression of PKG1α in HEK293 cells (SI
Appendix, Fig. S1C). However, the overexpression of PKG did
increase the amount of phosphorylated proteins detected in the
proteasome preparations above levels in particles from cells
transfected with an empty vector. In addition, the overexpressed
PKG copurified with the 26S proteasomes (SI Appendix, Fig.
S1C). Similar increases in the levels of phosphorylated proteins
and the amount of PKG that copurified with proteasomes were
seen after treatment of HEK293 cells with the soluble guanylyl
cyclase stimulator cinaciguat (SI Appendix, Fig. S1D).
The subunit Rpt6 has also been reported to be phosphorylated

by PKG (10) and on S120 by CAMKII (3). However, using an
antibody specific for phosphorylated Rpt6-S120 (27), we found
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Fig. 1. Pharmacological agents that raise cGMP stimulate 26S proteasome activities without changing proteasome amount. (A) Treatment of human
neuroblastoma cells (SH-SY5Y) with the PDE5 inhibitor tadalafil (100 nM), the soluble guanylyl cyclase stimulator BAY41-2272 (100 nM), or a combination of
the two increased proteasomal chymotrypsin-like activity in cell lysates. The linear rate of Suc-LLVY-AMC hydrolysis was used here and below as the measure
of activity. In this and subsequent figures, error bars represent the means ± SEM. n = 4. (B) Levels of the 20S proteasome subunit β5 or the 19S subunit Rpn6
were not changed by treatments with pharmacological agents that raise cGMP. SH-SY5Y cells were treated with tadalafil (100 nM), BAY41-2272 (100 nM), or
both, and the levels of proteasome subunits were analyzed by western blot. Representative western blots for one of three experiments is shown. (C) The
amount of assembled 26S proteasomes was not changed by exposure of SH-SY5Y cells to the PDE5 inhibitor tadalafil. Cell lysates were analyzed by native
PAGE and western blot with an antibody against the 19S subunit Rpn1. The same samples were also analyzed by sodium dodecyl sulfate polyacrylamide gel
electrophoresis and western blot with an antibody against GAPDH to evaluate protein loading. Representative western blots for one of four experiments is
shown. (D) After treatment of SH-SY5Y cells with these same agents (100 nM) for 30 min to raise cGMP, 26S proteasomes were affinity purified by the UBL
method and exhibited greater chymotrypsin-like, caspase-like, and trypsin-like activities than those from control cells. n = 3 proteasome purifications. One-
way ANOVA with Dunnett multiple comparison test. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001. (E) 26S proteasomes purified from SH-SY5Y cells treated to raise
cGMP as in B hydrolyzed ATP more quickly than proteasomes from control (Ctrl) cells. n = 3 proteasome purifications. One-way ANOVA with Dunnett multiple
comparison test. *P ≤ 0.05, **P ≤ 0.01. (F) 26S proteasomes purified from SH-SY5Y cells treated with tadalafil (Tad) or BAY41-2272 (Bay) as in B degraded the
fluorescent protein mEOS3.2 conjugated to a single K48-linked polyubiquitin chain more rapidly than proteasomes from control cells. n = 3 proteasome
purifications. One-way ANOVA with Dunnett multiple comparison test. *P ≤ 0.05.
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no change in phosphorylation of this site in proteasomes purified
from tadalafil- or BAY41-2272–treated SH-SY5Y cells (Fig. 2H).
Thus, PKG directly stimulates proteasomal activity by phosphoryla-
tion of a 26S subunit or a protein that copurifies with the 26S particle,
that is not presently known to regulate proteasome function.

Raising cGMP Stimulates Degradation of Both Short-Lived and
Long-Lived Cell Proteins. Raising the level in cells of cAMP with
pharmacological agents or hormones enhances selectively the
degradation of short-lived proteins (13, 15), which include mis-
folded, damaged, and regulatory proteins, but does not alter the
breakdown of long-lived proteins, which comprise the bulk of cell
components. To determine whether cGMP and PKG also stim-
ulate the degradation of short-lived proteins, SH-SY5Y cells
were incubated with 3H-phenylalanine for 20 min to label short-
lived proteins. After the 3H-phenylalanine was removed, fresh
media containing large amounts of nonradioactive phenylalanine
and cycloheximide were added to prevent reincorporation of the
labeled amino acids released by proteolysis. The degradation of
the labeled proteins was then measured by assaying the generation
of radiolabeled amino acids (28). Adding tadalafil or BAY41-2272
after the incorporation of 3H-phenylalanine increased the rate of

degradation of the most short-lived proteins, and combining these
two agents led to an even greater increase in their degradation
(Fig. 3A). A similar increase in degradation of short-lived proteins
was seen in SH-SY5Y cells with tadalafil, cinaciguat, and a com-
bination of these two agents (SI Appendix, Fig. S2).
To determine whether raising cGMP also stimulates the deg-

radation of damaged or misfolded proteins, which are short-
lived, we induced the production of incomplete proteins by ex-
posing SH-SY5Y cells for 1 h to puromycin, which is incorporated
into newly synthesized proteins and causes premature termination
of the polypeptides which are then rapidly hydrolyzed (29). Deg-
radation of the puromycyl polypeptides was followed in the pres-
ence of cycloheximide by western blot for puromycin. Adding
tadalafil with the cycloheximide reduced the amount of puromycin-
containing polypeptides below the levels in control cells (SI Ap-
pendix, Fig. S3A). Thus, cGMP and PKG enhance the degradation
of these abnormal polypeptides.
These increases in proteolysis presumably also reflect accelerated

degradation of many short-lived regulatory proteins. Therefore, we
measured by western blot the degradation in the presence of cy-
cloheximide of p53, whose rapid ubiquitination and degradation
have been extensively characterized (30). The breakdown of p53
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was also increased by treatment with tadalafil or BAY41-2272 (SI
Appendix, Fig. S3B).
To evaluate whether raising cGMP also increases the degra-

dation of the bulk of cell proteins, which are long-lived compo-
nents, SH-SY5Y cells were incubated with 3H-phenylalanine for
16 h, chased for 2 h with nonradiolabeled phenylalanine to allow
the hydrolysis of labeled short-lived proteins, and then the deg-
radation of the 3H-labeled long-lived proteins was measured
(31). Addition of tadalafil or cinaciguat after the 2-h chase in-
creased the rate of degradation of long-lived proteins by 30 to
50%, and a combination of the two agents caused an even larger
(approximately twofold) increase in the overall rate of pro-
teolysis (Fig. 3B). A similar stimulation of proteolysis was seen in
SH-SY5Y with sildenafil and BAY41-2272 and also in C2C12
mouse myotubes (SI Appendix, Fig. S4 A and B). These rates of
degradation of long-lived proteins were linear for at least 4 h and
were surprisingly high. In fact, these rates were greater than

those seen in such cells upon serum or nutrient deprivation (31),
and the twofold increase with tadalafil and cinaciguat together
exceeds rates of degradation seen in highly catabolic conditions
(e.g., muscle atrophy or cachexia) (32). Thus, raising cGMP, like
raising cAMP, stimulates the degradation of short-lived proteins,
but unlike cAMP, it also increases degradation of the long-
lived fraction.
The cGMP-mediated increase in protein degradation required

PKG because it could be blocked in SH-SY5Y cells either by
knockdown of PKG1 with small interfering RNA (siRNA) (Fig. 3C
and SI Appendix, Fig. S4C) or by inhibition of PKG with Rp-8-
Br-PET-cGMPs (Fig. 3D). Furthermore, the overexpression in
HEK293 cells of PKG1α increased the degradation of long-lived
proteins (Fig. 3E). In contrast, overexpression of PKA’s catalytic
subunit did not enhance the degradation of those long-lived proteins,
in accord with our prior findings (13, 15). Thus, increasing PKG
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Fig. 3. Raising cGMP stimulates total intracellular protein breakdown by the UPS. (A) Raising cGMP stimulates the degradation of short-lived intracellular
proteins. SH-SY5Y cells were incubated for 20 min with 3H-phenylalanine, and then protein degradation was measured in the presence of cycloheximide (150
μg/mL) by following the conversion of 3H-labeled proteins to amino acids in the media. The pharmacological agents were added to the media after the
labeling of cell proteins. n = 4. Error bars represent the means ± SEM. (B) The degradation of long-lived proteins, the bulk of cell proteins, was increased by
agents that raise cGMP. SH-SY5Y cells were exposed to 3H-phenylalanine for 16 h and then washed and resuspended in chase medium containing excess
nonlabeled phenylalanine for 2 h. The conversion of radiolabeled proteins to labeled amino acids in the media was measured. The pharmacological agents
were added to the media after the 2-h chase period. Data shown are the slopes calculated from linear degradation rates. n = 3. One-way ANOVA with
Dunnett multiple comparison test. ***P ≤ 0.001. (C) Knockdown of PKG with siRNA blocked the cGMP-mediated increase in the degradation of long-lived
proteins. SH-SY5Y cells were exposed to scramble- or PRKG1-siRNA for 48 h, and then degradation of long-lived proteins was measured as in B. A repre-
sentative western blot of one of three knockdowns of PKG is shown in SI Appendix, Fig. S4C. n = 3. One-way ANOVA with Dunnett multiple comparison test.
***P ≤ 0.001. (D) Inhibition of PKG with Rp-8-pCPT-cGMPs (1 μM) blocked the increase in the degradation of long-lived proteins caused by agents that raise
cGMP. Protein degradation was measured as in B. n = 3. One-way ANOVA with Dunnett multiple comparison test. *P ≤ 0.05, ***P ≤ 0.001. (E) Overexpression
of PKG, but not PKA catalytic subunit, stimulated the degradation of long-lived proteins. HEK293 cells were transfected with cDNA encoding GFP, PKA
catalytic subunit, or PKG 6 h before exposure to 3H-phenylalanine. Protein degradation was measured as in B. n = 3. One-way ANOVA with Dunnett multiple
comparison test. **P ≤ 0.01. (F) The muscarinic agonist carbachol (1 μM) increases the degradation of short-lived proteins in human fibroblasts (BJ5A) and
increases degradation even further in the presence of the PDE5 inhibitor tadalafil. Protein degradation was measured as in A, and all agents were added after
the labeling of cell proteins with 3H-phenylalanine. n = 4. (G) Carbachol also increases the degradation of long-lived proteins in human fibroblasts (BJ5A) and
increases degradation even further in the presence of the PDE5 inhibitor tadalafil. Protein degradation was measured as in B. n = 3. One-way ANOVA with
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Lysosomal protein degradation (autophagy) was not increased by treatments that raise cGMP. The degradation of long-lived proteins was measured as in B,
and to measure the contribution of the lysosome, the proteasome inhibitor carfilzomib (1 μM) was added to the media in the second hour of the chase period
and was present throughout the measurements of degradation. n = 4.
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activity is necessary and sufficient for the cGMP-mediated increase in
protein degradation.
The neurotransmitter, acetylcholine, raises levels of cGMP

via M2 muscarinic receptors and treating cultured rat car-
diomyocytes with M2 agonists was reported to stimulate pro-
teasomal peptidase activity through PKG (9). To test whether
raising cGMP via M2 muscarinic receptors also stimulates total
protein breakdown in cells, we used the immortalized human
foreskin fibroblast cell line, BJ5A-hTERT, which expresses M2
muscarinic receptors but not other muscarinic or nicotinic
receptors (humanproteinatlas.org). In these cells, as in other
lines tested, cinaciguat stimulated the degradation of both
short- and long-lived proteins (SI Appendix, Fig. S5 A and B).
Surprisingly, tadalafil by itself did not increase protein deg-
radation in these cells (SI Appendix, Fig. S5 A and B) or in
HEK293 cells (SI Appendix, Fig. S5 C and D), probably due to
a low level of basal cGMP synthesis. However, combining
cinaciguat with tadalafil in BJ5A and HEK293 cells produced
even larger increases in proteolysis (SI Appendix, Fig. S5).
Treating BJ5A cells with carbachol, a pan muscarinic receptor
agonist, stimulated the degradation of both short- and long-
lived proteins (Fig. 3 F and G), and these rates could be fur-
ther increased if tadalafil was also present (Fig. 3 F and G).
These observations with carbachol suggest that an increase in
degradation occurs in vivo when cGMP is raised by cholinergic
stimuli.

Raising cGMP Stimulates Proteasomal Degradation but Not
Autophagy. Long-lived cell proteins are degraded primarily by
the UPS, but also by autophagy (31). To determine the contri-
bution of each pathway to the cGMP-mediated increase in
overall protein breakdown, a specific irreversible inhibitor of the
proteasome, carfilzomib, was included in the chase period to
measure degradation by lysosomes, or an inhibitor of lysosomal
acidification, concanamycin A, to measure proteasomal degra-
dation (28). Tadalafil and cinaciguat alone or together stimu-
lated protein degradation to a similar extent in the presence of
concanamycin A, and thus they clearly promote proteasomal
proteolysis (Fig. 3H). In contrast, neither agent, alone or in
combination, increased protein degradation when proteasomes
were inhibited (Fig. 3I). Thus, the stimulation of overall protein
breakdown by PKG occurs through a selective increase in pro-
teolysis by the proteasomes.

cGMP Increases Levels of Ubiquitinated Proteins by Stimulating
Ubiquitin Conjugation. Because raising cGMP causes such large
increases in proteasomal degradation, we also tested whether
these treatments, in addition to stimulating proteasome activi-
ties, might enhance the ubiquitination of cell proteins. Surpris-
ingly, adding tadalafil or BAY41-2272 to SH-SY5Y cells
increased within 5 min the total cellular content of ubiquitinated
proteins (Fig. 4A). This increase in ubiquitinated proteins was
maximal 30 min after exposure to either agent and then de-
creased during the subsequent 60 min, although the level of
ubiquitin conjugates still remained higher than in control cells
(Fig. 4A). Combining tadalafil and BAY41-2272 also raised the
levels of ubiquitin conjugates within 5 min, but the maximal in-
crease (twofold) was not reached until 60 min (Fig. 4A). Sur-
prisingly, this accumulation of polyubiquitinated proteins with
the combined treatment appeared slower than with either
agent alone, perhaps because of the faster activation of pro-
teasomes (Fig. 1A) and greater degradation of ubiquitinated
proteins (Fig. 3). In fact, the changes shown in Fig. 4A must
underestimate the actual increase in levels of ubiquitin con-
jugates due to the simultaneous enhancement of proteasomal
degradation. Accordingly, when SH-SY5Y cells were treated
with the agents that raise cGMP plus the proteasome inhibitor
bortezomib for 15 min, the levels of ubiquitinated proteins

increased even further (Fig. 4B). Tadalafil treatment for
30 min in SH-SY5Y cells also increased the levels of poly-
ubiquitinated proteins only in the cytosolic fraction, where
PKG is localized, and where proteasomes are activated
(Fig. 2B), and not in the nuclear fraction (Fig. 4C).
To determine whether the increased levels of polyubiquitinated

proteins were due to increased ubiquitination or decreased deu-
biquitination of cell proteins, we used cytosolic extracts from
HEK293 cells from which nuclei and mitochondria were sequen-
tially removed by differential centrifugation. Incubating these ex-
tracts with 1 μM cGMP for 30 min in the presence of the broad-
spectrum phosphodiesterase inhibitor IBMX activated PKG, as
shown by increased phosphorylation of vasodilator-stimulated
phosphoprotein (VASP) (Fig. 4D and SI Appendix, Fig. S6A), a
well-characterized PKG substrate, and increased proteasomal
peptidase activity (SI Appendix, Fig. S6B), as also seen upon
treatment of cells with agents that raise cGMP (Fig. 1) and in-
cubation of purified 26S particles with PKG (Fig. 2G). Addition of
cGMP to the extracts in the presence of bortezomib to inhibit pro-
teasomes, 1,10-phenanthroline to inhibit metallo-deubiquitinases and
PR-619 to inhibit a broad spectrum of deubiquitinases (33), increased
the levels of polyubiquitinated proteins and K48-linked poly-
ubiquitinated proteins, strongly suggesting a stimulation of protein
ubiquitination (Fig. 4D). In contrast, cGMP did not change the levels
of K63-linked or K11-linked polyubiquitinated proteins (SI Appendix,
Fig. S7).
To evaluate whether cGMP also decreases the rate of

deubiquitination of cell proteins, HEK293 cells were treated
for 30 min with bortezomib to increase the levels of ubiq-
uitinated proteins and cytosolic extracts were prepared as
above, but in the presence of an inhibitor of the ubiquitin-
activating enzyme instead of the inhibitors of deubiquiti-
nases. Adding cGMP to these extracts did not change the rate
of deubiquitination of cell proteins (Fig. 4E). Furthermore,
cell lysates prepared from SH-SY5Y cells treated for 30 min
with tadalafil, cinaciguat, or both, did not exhibit greater
deubiquitinating activity than control, as measured by the
covalent modification of the active sites of deubiquitinating
enzymes with HA-Ub-VS (SI Appendix, Fig. S8A) and the
hydrolysis of ubiquitin-amc (SI Appendix, Fig. S8B). Thus,
cGMP increases the levels of polyubiquitinated proteins by
stimulating the ubiquitination of cell proteins more than it
enhances their degradation by proteasomes.

Raising cGMP or cAMP Reduces Pathology in Zebrafish Models of
Neurodegenerative Diseases. Many neurodegenerative diseases
are caused by an accumulation of aggregation-prone misfolded
proteins, and there is growing evidence in experimental models
of these disease that such proteins lead to impaired proteasome
activity and a reduced cellular capacity for protein breakdown
(14, 20). Agents that raise cAMP appear to be promising ther-
apies for proteotoxic diseases through their ability to enhance
proteasome activity and the degradation of such toxic proteins
(13, 14, 16). Because cGMP can also activate proteasomes and
enhance protein degradation, we tested whether raising cGMP
might also help clear these aggregation-prone proteins and thus
reduce the resulting pathology in zebrafish models of tauo-
pathies and Huntington’s disease. To determine whether raising
cGMP or cAMP can activate proteasomes in zebrafish, larvae
were exposed to sildenafil (1 and 10 μM), rolipram (3 and
30 μM), or DMSO for 5 d. Proteasomes purified by the UBL
method from larvae treated with either concentration of silde-
nafil or rolipram exhibited greater chymotrypsin-like activity
than those from the DMSO-treated or untreated larvae (SI
Appendix, Fig. S9C). Furthermore, exposure to these agents for
only 1 d also increased proteasomal peptidase activity in the ly-
sates of WT larvae (Fig. 5A).

VerPlank et al. PNAS | June 23, 2020 | vol. 117 | no. 25 | 14225

CE
LL

BI
O
LO

G
Y

http://humanproteinatlas.org
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2003277117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2003277117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2003277117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2003277117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2003277117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2003277117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2003277117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2003277117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2003277117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2003277117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2003277117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2003277117/-/DCSupplemental


At these concentrations, neither drug had any overt toxic ef-
fects on the larvae. There was also no change in the levels of
proteasome subunits in the lysates of the larvae, and the treat-
ments (SI Appendix, Fig. S9A) with 1 μM sildenafil or 3 μM
rolipram did not alter the levels of assembled 26S proteasomes in
the lysates as measured by native PAGE and western blot (SI
Appendix, Fig. S9B). In these lysates, unlike those of human cells
(Fig. 1C), the singly capped 26S proteasomes ran as a doublet on
native PAGE (SI Appendix, Fig. S9B). Treatment with 10 μM
sildenafil or 30 μM rolipram, but not with the lower concentrations
of either agent, increased the intensity of the upper band of the
doublet and decreased the intensity of the lower band (SI Appendix,
Fig. S9B). This interesting effect, however, did not correlate with
changes in activity because 26S proteasomes from larvae treated
with 1 or 10 μM sildenafil or 3 or 30 μM rolipram showed similar
increases in peptidase activity (SI Appendix, Fig. S9C).

Because raising cGMP and cAMP activate 26S proteasomes
via postsynthetic modification in zebrafish, as in mammalian
cells, we investigated their possible effects in models of neuro-
degenerative diseases. The A152T mutation in tau greatly in-
creases the risk of developing frontotemporal dementia in
humans (34), and expression of this mutant tau in the nervous
system of zebrafish larvae causes neurodegeneration, an accu-
mulation of hyperphosphorylated tau, as occurs in human
tauopathies, and impairment of proteasomal peptidase activity in
the lysates (35) (Fig. 5A). However, exposure to sildenafil or
rolipram for 1 d stimulated proteasomal peptidase activity to-
ward the levels in vehicle-treated WT larvae (Fig. 5A).
To determine whether these treatments also enhanced the

degradation in vivo of the A152T mutant, the dendra-tag fused
to the mutant tau was photoconverted from green to red, and
then the larvae were treated with sildenafil or rolipram. The
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Fig. 4. cGMP also rapidly increases levels of ubiquitin conjugates by stimulating ubiquitylation of cell proteins. (A) SH-SY5Y cells were treated with agents
that raise cGMP and the cell lysates were analyzed by western blot for ubiquitin. The levels of polyubiquitinated proteins were quantified and representative
western blots from one of three experiments are shown. n = 3. Averages ± SEM are shown. (B) The increase in ubiquitin conjugates caused by agents that raise
cGMP is even greater in the presence of the proteasome inhibitor bortezomib. SH-SY5Y cells were treated for 15 min with these agents, lysed, and analyzed
by western blot for ubiquitin, as in A. Representative western blots of one of four experiments are shown. n = 4. One-way ANOVA with Bonferroni’s multiple
comparison test. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001. (C) Raising cGMP with tadalafil for 30 min in SH-SY5Y cells increases levels of polyubiquitinated proteins in
the cytosolic fraction, but not the nuclear fraction. Representative western blots of one of three experiments are shown. (D) cGMP increases ubiquitination of
cytosolic proteins in a cell-free system. HEK293 cells were lysed in a hypotonic buffer, and then cytosolic extracts were prepared by pelleting the nucleus (800 × g
for 15 min) and mitochondria (10,000 × g for 10 min). The extracts were incubated for 30 min at 37 °C with or without cGMP (1 μM) in the presence of bortezomib
(1 μM), 1,10-phenanthroline (250 μM), and PR-619 (10 μM) to prevent deubiquitination and proteasomal degradation of ubiquitin conjugates. Representative
western blots of one of four experiments is shown. (E) cGMP does not change the rate of deubiquitination of cytosolic proteins in a cell-free system. HEK293 cells
were treated for 30 min with bortezomib and then cytosolic extracts were prepared as in D, except an inhibitor of the ubiquitin activating enzyme (TAK243, 1 μM)
was included instead of inhibitors of deubiquitinases. Representative western blot is shown of one of three experiments. n = 3.
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amount of red mutant tau was assayed in individual spinal cord
neurons 6 h after photoconversion. Both sildenafil and rolipram
increased the degradation of mutant tau (Fig. 5B). In addition,
these treatments reduced the levels of hyperphosphorylated tau
detected by western blot relative to the total amount of tau
(Fig. 5C) (SI Appendix, Fig. S10A). Most of the zebrafish larvae

expressing the A152T mutant tau in the nervous system exhibit
an abnormal curvature of the dorsal spine (35), with 50% having
spinal curvature that was classified as moderate and 25% as
severe (Fig. 5D). Treatment with either sildenafil or rolipram for
2 d increased the percentage of the clutch with no curvature from
25 to ∼50% (Fig. 5D) and decreased the percentage of larvae
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clearance (n = 50 neurons per group). In vivo tau clearance of photoconverted “red” Dendra-tau was measured within individual neurons in the spinal cord.
The measurement of the intensity of the photoconverted Dendra-tau signal at 6 h relative to initial red intensity reflects the clearance of tau protein. Two-
tailed unpaired t test. **P ≤ 0.01, ***P ≤ 0.001. (C) The levels of hyperphosphorylated tau relative to total tau in Dendra-tau-A152T fish decreased after
treatment with sildenafil or rolipram (n = 10 per group). The accumulation of hyperphosphorylated tau is one of the hallmarks of tauopathies. Representative
western blots shown in SI Appendix, Fig. S10A. One-way ANOVA with post hoc Tukey’s multiple comparison test. *P ≤ 0.05, **P ≤ 0.01. (D) Exposure to
sildenafil and rolipram for 2 d ameliorates the morphological defects in Dendra-tau-A152T fish. Both treatments increased the percentage of larvae with
normal phenotypes and reduced the proportion of deformed larvae (n = 100 per treatment group). χ2 test with confidence interval 95%. **P ≤ 0.01, ***P ≤
0.001. (E) Quantification of photoreceptors from images of sections through the central retina (n ≥ 16 per group) showed that both sildenafil and rolipram
increased the survival of photoreceptors above levels in siblings treated with DMSO. Representative images shown in SI Appendix, Fig. S10B. One-way ANOVA
with post hoc Tukey’s multiple comparison test. *P ≤ 0.05, ***P ≤ 0.001. (F) Sildenafil or rolipram treatment reduce the degeneration of rod photoreceptors in
Rho::EGFP-TauWT and Rho::EGFP-TauP301L zebrafish larvae. Densitometry of western blots for the major rod photoreceptor protein rhodopsin (ZPR3) rel-
ative to the loading control arrestin (ZPR1) from three independent experiments (n = 10 per group). Representative western blots used for quantification are
shown in SI Appendix, Fig. S10C. One-way ANOVA with post hoc Tukey’s multiple comparison test. *P ≤ 0.05. (G) In Rho::EGFP-HD71Q transgenic fish, in which
the expression of the mutant form of huntingtin exon 1 (71Q) leads to aggregate formation and degeneration of rod photoreceptors sildenafil and rolipram
treatment decreased the number of huntingtin aggregates below the levels in the control (DMSO-treated) group. One-way ANOVA with post hoc Tukey’s
multiple comparison test. **P ≤ 0.01, ***P ≤ 0.001.
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with a severe curvature from 25 to ∼10% (Fig. 5D). Thus, both
sildenafil and rolipram not only restored proteasomal activity,
but also reduced the levels of pathological tau and the associated
morphological defects caused by A152T tau.
Overexpression in the zebrafish retina, under the rhodopsin

promoter, of human WT tau or the P301L mutant tau, which also
causes frontotemporal dementia, leads to degeneration and
death of the rod photoreceptors (36). To determine if raising
cGMP or cAMP could prevent this cell death, fish larvae over-
expressing either Rho::EGFPTauWT or Rho::EGFPTauP301L
were exposed to sildenafil or rolipram for 5 d and the photore-
ceptors detected in the central retina were counted. Both
treatments increased the number of rod photoreceptors (Fig. 5E
and SI Appendix, Fig. S10B). Furthermore, the degree of rod
photoreceptor degeneration was determined by analyzing the
ratio of the rod protein ZPR3 (rhodopsin) to the cone protein
ZPR1 (arrestin) measured by western blot. Both sildenafil and
rolipram increased this ratio compared to that seen in siblings
that received only the vehicle (Fig. 5F and SI Appendix, Fig.
S10C), indicating that these agents prevented the degeneration
phenotype. This effect was not due to decreased expression of
the transgene, because these treatments did not change the levels
of EGFP mRNA measured by qRT-PCR (SI Appendix, Fig.
S10D).
In Huntington’s disease, mutant huntingtin containing an ex-

panded polyglutamine repeat accumulates in protein aggregates
within neurons. To test whether raising cAMP or cGMP could
also reduce the levels of such aggregates, zebrafish larvae
expressing exon 1 of human huntingtin with 71 glutamine repeats
in rod photoreceptor cells (Rho::EGFP-HD71Q) were treated
for 5 d with sildenafil or rolipram, and the number of micro-
scopically visible aggregates in the retina was measured. Both
agents reduced the number of huntingtin aggregates (Fig. 5G).
Thus, these agents can activate proteasomes, enhance the
clearance of aggregation-prone proteins, and reduce the result-
ing neuronal death and morphological abnormalities.

Discussion
A Mechanism for Regulating Overall Protein Breakdown in Cells. The
regulation of protein breakdown by cGMP and PKG differs in
several respects from other known mechanisms that control in-
tracellular proteolysis. Pharmacological agents that inhibit PDE5
or stimulate soluble guanylate cyclase rapidly increase not only
the activities of 26S proteasomes, but also the levels of ubiq-
uitinated proteins and the total rate of intracellular protein
degradation. Raising cGMP content even further by combining
these treatments caused a further increase in the magnitude,
rapidity, and duration of these responses. The increase in ubiq-
uitin conjugates, proteasomal degradation, and overall pro-
teolysis were all evident within 5 min after addition of these
drugs to cultured cells and these changes occurred too rapidly to
result from changes in gene transcription. It is noteworthy that
these increases in proteasomal activity and ubiquitinated pro-
teins were only observed in the cytosol, where PKG is localized,
not the nucleus. The stimulation of proteasome activity and
protein turnover by cGMP and PKG appears to be a general
cellular response because similar changes were seen in HEK293,
neuroblastoma, myotubes, and fibroblasts, as well as zebrafish
larvae. However, cell types differ widely in their content of
phosphodiesterases and guanylate cyclases and in the physio-
logical factors that promote cGMP synthesis. Therefore, it re-
mains to be determined to what extent in different tissues,
hormones (e.g., natriuretic peptides), signaling molecules (e.g.,
NO), neurotransmitters (e.g., acetylcholine), or drugs that raise
cGMP also stimulate proteasome function and overall pro-
teolysis by the UPS.
Although both cGMP and cAMP enhance proteasome activity

and the degradation of short-lived proteins, they probably do not

stimulate the ubiquitination and degradation of the same short-
lived proteins. cGMP and cAMP are generated in different
physiological states and often have opposite effects on cell
function, especially in the cardiovascular system. In hearts, epi-
nephrine via cAMP increases cardiac output, while acetylcholine
via M2 muscarinic receptors raises cGMP and decreases cardiac
output. PKG’s ability to also stimulate the breakdown of the bulk
of cell proteins clearly distinguishes its effects on protein deg-
radation from those of PKA and must have important physio-
logical consequences. For example, in hearts adrenergic agonists
via cAMP induce hypertrophy (37), while agents that raise
cGMP reduce this pathologic process (38). The capacity of
cGMP to increase the overall breakdown of cell proteins may
contribute to this inhibition of hypertrophy.
The increases in overall degradation by the UPS with these

pharmacological treatments were surprisingly large and even
exceeded the increases in proteolysis reported in cells in various
catabolic states, such as cachexia and muscle atrophy (29) or
upon heat shock (37). The approximately twofold increase in
total proteolysis induced by the combination of sildenafil and
cinaciguat is also much larger than the 40 to 60% increases seen
typically in cultured cells upon serum deprivation (31) or mam-
malian target of rapamycin (mTOR) inhibition (28), both of
which stimulate proteolysis primarily by increasing autophagy
with only about a 20% enhancement in proteasomal degradation
(28). Such a large cGMP-induced increase in total protein deg-
radation, if maintained, should by itself lead to a clear decrease
in cell mass within a few days, depending on the cell’s rate of
protein synthesis. However, a net loss of cell proteins may not
develop if rates of protein synthesis are also stimulated by
cGMP, or if the effects on proteasomes and protein degradation
are not maintained. Clearly, our findings raise the possibility that
in certain catabolic states or during cellular transitions, cGMP
may signal a global increase in proteolysis and thus influence cell
size and composition.

Activation of Proteasomal Function through Phosphorylation by PKG.
A variety of protein kinases have been reported to alter pro-
teasome activities (2), although only three—PKA (13, 15),
DYRK2 (11), and now PKG—have been shown to activate 26S
proteasomes by phosphorylation and to promote intracellular
protein degradation. The findings that phosphatase treatment
reverses proteasome activation by cGMP in cells and that in-
cubation with pure PKG causes activation of purified protea-
somes clearly demonstrate that the stimulation of proteasome
activities involves direct phosphorylation by PKG of a 26S sub-
unit or a 26S-associated regulatory protein. PKG must be
phosphorylating a 26S subunit or an associated protein not
currently known to regulate proteasome activities, because after
activation by PKG in vitro or in cells, no change was seen with
antibodies specific for the three phosphopeptides reported to
increase proteasome activities: Rpn6-S14 (13, 15), Rpt3-
Thr25 (11), or Rpt6-S120 (27). However, despite repeated
attempts, we have been unable thus far to identify the pro-
teasomal protein modified by PKG by various mass spectro-
metric approaches. For reasons that remain unclear, the
identification of the critical phosphorylated sites on protea-
somes has proven surprisingly difficult for us and for other
investigators (5).
It has been claimed that increases in proteasome activity are

associated with or even require greater formation of 26S pro-
teasomes (39). However, raising cGMP levels by several ap-
proaches did not change the levels of proteasome subunits or the
content of doubly or singly capped 26S particles. Thus, the in-
crease in proteasome activity is not due to the synthesis or assembly
of new proteasomes but through a postsynthetic modification of
preexistent 26S particles.
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Because these PKG-induced changes in proteasome activities
resemble those induced by PKA, it is unclear (13, 15) how similar
alterations in proteasome activity can lead to the distinct effects
of PKG and PKA on proteolysis in cells (i.e., how both kinases
can stimulate the degradation of short-lived fraction of cell
proteins, but only PKG enhances the breakdown of long-lived
components). Possibly, after phosphorylation by PKA or PKG,
proteasomes differ in their capacity to hydrolyze these different
classes of ubiquitinated cell proteins. Ubiquitinated short-lived
proteins seem to differ from other ubiquitin conjugates in con-
taining more branched ubiquitin chains (40) and perhaps also
differ in their ease of unfolding or mode of delivery to the
proteasome. Alternatively, proteasome activation may not be
responsible for these different effects on degradation of long-
lived proteins. Instead, PKG (unlike PKA) may promote the
degradation of long-lived proteins by increasing their ubiquiti-
nation. In addition, although these two signaling systems both
enhance the degradation of short-lived cell proteins, they may
stimulate ubiquitination and hydrolysis of distinct populations of
such proteins.
It is noteworthy that after a rise in cGMP, the cell’s content of

ubiquitinated proteins increased, despite the enhanced protea-
somal destruction of ubiquitinated proteins and total proteolysis
by the UPS. Increases in the levels of ubiquitin conjugates are
often interpreted as evidence of proteasome inhibition. How-
ever, the rapid rise in ubiquitin conjugates with PKG activation
implies that the increase in protein ubiquitination must have
exceeded the increase in their degradation. A similar rise in
ubiquitin conjugates also occurs in atrophying muscles and
during starvation despite the activation of 26S proteasomes
and the increased proteolysis by the UPS (32). Thus, in many
conditions where there is a global increase in ubiquitination,
proteasomes may also be activated to handle the increased
substrate load.

Potential Applications in Combatting Neurodegenerative Diseases. A
large variety of neurodegenerative diseases result from the ac-
cumulation of misfolded, aggregation-prone proteins, which are
generally found in intracellular inclusions conjugated with
ubiquitin. This build-up of proteins likely represents a failure of
the cell’s protein quality control machinery. In fact, there is
growing evidence that such aggregates or microaggregates can
impair the functioning of the 26S proteasomes (14, 20, 21), as
was also shown here (Fig. 5) and previously (33) in a zebrafish
model of tauopathy. The decrease in protein degradation should
cause a further accumulation of misfolded proteins and even-
tually disrupt protein homeostasis. Therefore, drugs that en-
hance proteasome activity and promote the degradation of such
potentially toxic proteins are an attractive approach to combat
the progression of proteotoxic diseases. Accordingly, agents that
raise cAMP promote the clearance of disease-associated Tau
mutants in cells (13), and in a mouse model of frontotemporal
dementia, where they not only increased proteasome activity but
also lowered the levels of phospho-tau in the brain (14, 16).
Similar effects of rolipram on proteasome activity and phospho-
tau accumulation were observed here after treatment of the
zebrafish model of tauopathy caused by overexpression of
A152T-tau.
Surprisingly, raising cGMP with sildenafil had very similar

effects in these zebrafish larvae as rolipram, not only in the
tauopathy models but also in a Huntington’s disease model
caused by the expression of a huntingtin exon 1 with a highly
expanded polyQ sequence. Although PKA and PKG have very
different physiological actions, their key shared property in these
responses must be their capacity to enhance the degradation of
short-lived misfolded proteins by the UPS. Remarkably, both
sildenafil and rolipram, while enhancing proteasome activity
and tau degradation, reduced neuronal death and the gross

morphological abnormalities caused by overexpression of mutant
tau in neurons. Furthermore, the treatments did not have any
evident deleterious consequences, probably because they simply
augment a physiological mechanism for protein quality control.
While activation of PKG and PKA reduced the levels of the
aggregated proteins, these structures are generally much larger
than proteasomes. So, it remains unclear whether proteasomal
digestion involves faster degradation of these misfolded proteins
before they aggregate, or whether the proteasomes can extract
ubiquitinated proteins from such aggregates for degradation. It
also remains unclear whether these beneficial effects result solely
through proteasome activation or through enhanced ubiquiti-
nation of the toxic proteins.
Thus, agents that raise cGMP in the central nervous system

represent a promising new strategy to combat Alzheimer’s,
Huntington’s, and other neurodegenerative diseases. In humans,
the PDE5 inhibitors and the soluble guanylyl cyclase stimulators
used here poorly cross the blood brain barrier. However, brain-
penetrant PDE5 inhibitors (41) and soluble guanylyl cyclase
stimulators (17) have been recently reported and inhibitors of
other phosphodiesterases may also raise cGMP levels in parts
of the CNS. Furthermore, patients with Alzheimer’s disease
have lower levels of cGMP in their cerebrospinal fluid (42, 43)
and greater expression of PDE5 in the temporal cortex (43)
than healthy, age-matched controls. Thus, a reduction in
cGMP signaling in the brain may contribute to the progression
of Alzheimer’s disease in humans by decreasing ubiquitina-
tion, proteasome activity, and degradation of misfoldedb
proteins.
The present findings and other’s prior observations on a

mouse model of cardiomyopathy caused by an αB crystallin
mutation (10, 44) demonstrate the therapeutic potential of
treatments that raise cGMP to combat diverse proteotoxic dis-
eases. Protein damage has also been reported to accompany
other diseases, including cardiac failure and ischemia (45). The
ability of PKG to enhance global protein degradation by the UPS
may also contribute to its reported benefits in such conditions
(46). Thus, the activation of PKG is a promising approach to
combat the progression of a variety of presently untreatable
proteotoxic diseases.

Materials and Methods
For details on general methods, reagents, antibodies, proteasome purifica-
tions, proteasome activity assays, measurements of intracellular protein
degradation, cell-free assays, statistics, and zebrafish husbandry and exper-
iments, please refer to SI Appendix.

Maintenance of Zebrafish Stocks and Transgenic Lines. All zebrafish proce-
dures were performed in accordance with the UK Animals (Scientific Pro-
cedures) Act with appropriate Home Office Project and Personal animal
licenses andwith local Ethics Committee approval. Studies were performed in
accordance with ARRIVE guidelines.

Data Availability. All data in this report are available to all readers. The re-
agents used in this study, as well as further information, are available upon
request from A.L.G.

ACKNOWLEDGMENTS. We thank Dr. Jack Dixon for the pRpt3-Thr25
antibody; Dr. Gentry Patrick for the pRpt6-S120 antibody; Dr Peter Davies
(Albert Einstein College of Medicine of Yeshiva University) for the PHF1
antibody; and Herwig Baier (Max Planck Institute of Neurobiology) for the
pan-neuronal Gal4 driver line. This work was funded by NIH National
Institute of General Medical Sciences Grant R01 GM051923-20; Cure
Alzheimer’s Fund; Muscular Dystrophy Association Grant MDA-419143; a
Project Amyotrophic Lateral Sclerosis grant (to A.L.G.); NIH National Institute
of General Medical Sciences Grant F32 GM128322 (to J.J.S.V.); the United
Kingdom Dementia Research Institute (funded by the Medical Research Cen-
tre, Alzheimer’s Research United Kingdom, and the Alzheimer’s Society); The
Tau Consortium; Alzheimer’s Research United Kingdom and The Roger de
Spoelberch Foundation (D.C.R); and the European Union’s Horizon 2020 re-
search and innovation program under the Marie Skłodowska-Curie Grant
746509 (to S.D.T).

VerPlank et al. PNAS | June 23, 2020 | vol. 117 | no. 25 | 14229

CE
LL

BI
O
LO

G
Y

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2003277117/-/DCSupplemental


1. G. A. Collins, A. L. Goldberg, The logic of the 26S proteasome. Cell 169, 792–806
(2017).

2. J. J. S. VerPlank, A. L. Goldberg, Regulating protein breakdown through proteasome
phosphorylation. Biochem. J. 474, 3355–3371 (2017).

3. S. N. Djakovic, L. A. Schwarz, B. Barylko, G. N. DeMartino, G. N. Patrick, Regulation of
the proteasome by neuronal activity and calcium/calmodulin-dependent protein ki-
nase II. J. Biol. Chem. 284, 26655–26665 (2009).

4. J. W. Um et al., ASK1 negatively regulates the 26 S proteasome. J. Biol. Chem. 285,
36434–36446 (2010).

5. Y. Leestemaker et al., Proteasome activation by small molecules. Cell Chem. Biol. 24,
725–736.e7 (2017).

6. K. Fan et al., CRL4DCAF2 is required for mature T-cell expansion via Aurora B-regulated
proteasome activity. J. Autoimmun. 96, 74–85 (2019).

7. S. H. Lee, Y. Park, S. K. Yoon, J. B. Yoon, Osmotic stress inhibits proteasome by
p38 MAPK-dependent phosphorylation. J. Biol. Chem. 285, 41280–41289 (2010).

8. X. Liu et al., Reversible phosphorylation of Rpn1 regulates 26S proteasome assembly
and function. Proc. Natl. Acad. Sci. U.S.A. 117, 328–336 (2020).

9. M. J. Ranek, C. K. Kost Jr., C. Hu, D. S. Martin, X. Wang, Muscarinic 2 receptors
modulate cardiac proteasome function in a protein kinase G-dependent manner.
J. Mol. Cell. Cardiol. 69, 43–51 (2014).

10. M. J. Ranek, E. J. Terpstra, J. Li, D. A. Kass, X. Wang, Protein kinase g positively reg-
ulates proteasome-mediated degradation of misfolded proteins. Circulation 128,
365–376 (2013).

11. X. Guo et al., Site-specific proteasome phosphorylation controls cell proliferation and
tumorigenesis. Nat. Cell Biol. 18, 202–212 (2016).

12. S. Banerjee et al., Ancient drug curcumin impedes 26S proteasome activity by direct
inhibition of dual-specificity tyrosine-regulated kinase 2. Proc. Natl. Acad. Sci. U.S.A.
115, 8155–8160 (2018).

13. S. Lokireddy, N. V. Kukushkin, A. L. Goldberg, cAMP-induced phosphorylation of 26S
proteasomes on Rpn6/PSMD11 enhances their activity and the degradation of mis-
folded proteins. Proc. Natl. Acad. Sci. U.S.A. 112, E7176–E7185 (2015).

14. N. Myeku et al., Tau-driven 26S proteasome impairment and cognitive dysfunction
can be prevented early in disease by activating cAMP-PKA signaling. Nat. Med. 22,
46–53 (2016).

15. J. J. S. VerPlank, S. Lokireddy, J. Zhao, A. L. Goldberg, 26S Proteasomes are rapidly
activated by diverse hormones and physiological states that raise cAMP and cause
Rpn6 phosphorylation. Proc. Natl. Acad. Sci. U.S.A. 116, 4228–4237 (2019).

16. A. W. Schaler, N. Myeku, Cilostazol, a phosphodiesterase 3 inhibitor, activates
proteasome-mediated proteolysis and attenuates tauopathy and cognitive decline.
Transl. Res. 193, 31–41 (2018).

17. P. Sandner et al., Soluble guanylate cyclase stimulators and activators. Handb. Exp.
Pharmacol., 10.1007/164_2018_197 (29 January 2019). Correction in Handb. Exp.
Pharmacol. 10.1007/164_2019_249 (5 July 2019).

18. M. Kuhn, Molecular physiology of membrane guanylyl cyclase receptors. Physiol. Rev.
96, 751–804 (2016).

19. G. S. Baillie, G. S. Tejeda, M. P. Kelly, Therapeutic targeting of 3′,5′-cyclic nucleotide
phosphodiesterases: Inhibition and beyond. Nat. Rev. Drug Discov. 18, 770–796
(2019).

20. J. J. S. VerPlank, S. Lokireddy, M. L. Feltri, A. L. Goldberg, L. Wrabetz, Impairment of
protein degradation and proteasome function in hereditary neuropathies. Glia 66,
379–395 (2018).

21. T. A. Thibaudeau, R. T. Anderson, D. M. Smith, A common mechanism of proteasome
impairment by neurodegenerative disease-associated oligomers. Nat. Commun. 9,
1097 (2018).

22. C. L. Kuo, G. A. Collins, A. L. Goldberg, Methods to rapidly prepare mammalian 26S
proteasomes for biochemical analysis. Methods Mol. Biol. 1844, 277–288 (2018).

23. G. A. Collins, A. L. Goldberg, Proteins containing ubiquitin-like (Ubl) domains not only
bind to 26S proteasomes but also induce their activation. Proc. Natl. Acad. Sci. U.S.A.
117, 4664–4674 (2020).

24. N. O. Bodnar, T. A. Rapoport, Molecular mechanism of substrate processing by the
Cdc48 ATPase complex. Cell 169, 722–735.e9 (2017).

25. S. H. Francis, J. L. Busch, J. D. Corbin, D. Sibley, cGMP-dependent protein kinases and
cGMP phosphodiesterases in nitric oxide and cGMP action. Pharmacol. Rev. 62,
525–563 (2010).

26. N. Sugiyama, H. Imamura, Y. Ishihama, Large-scale discovery of substrates of the
human kinome. Sci. Rep. 9, 10503 (2019).

27. S. N. Djakovic, Phosphorylation of Rpt6 regulates synaptic strength in hippocampal
neurons. J. Neurosci. 32, 5126–5131 (2012).

28. J. Zhao, B. Zhai, S. P. Gygi, A. L. Goldberg, mTOR inhibition activates overall protein
degradation by the ubiquitin proteasome system as well as by autophagy. Proc. Natl.
Acad. Sci. U.S.A. 112, 15790–15797 (2015).

29. A. L. Goldberg, Degradation of abnormal proteins in Escherichia coli (protein
breakdown-protein structure-mistranslation-amino acid analogs-puromycin). Proc.
Natl. Acad. Sci. U.S.A. 69, 422–426 (1972).

30. C. L. Brooks, W. Gu, p53 regulation by ubiquitin. FEBS Lett. 585, 2803–2809 (2011).
31. J. Zhao et al., FoxO3 coordinately activates protein degradation by the autophagic/

lysosomal and proteasomal pathways in atrophying muscle cells. Cell Metab. 6,
472–483 (2007).

32. S. Cohen, J. A. Nathan, A. L. Goldberg, Muscle wasting in disease: Molecular mech-
anisms and promising therapies. Nat. Rev. Drug Discov. 14, 58–74 (2015).

33. M. S. Ritorto et al., Screening of DUB activity and specificity by MALDI-TOF mass
spectrometry. Nat. Commun. 5, 4763 (2014).

34. G. Coppola et al.; Alzheimer’s Disease Genetics Consortium, Evidence for a role of the
rare p.A152T variant in MAPT in increasing the risk for FTD-spectrum and Alzheimer’s
diseases. Hum. Mol. Genet. 21, 3500–3512 (2012).

35. A. Lopez et al.; Tauopathy Genetics Consortium, A152T tau allele causes neuro-
degeneration that can be ameliorated in a zebrafish model by autophagy induction.
Brain 140, 1128–1146 (2017).

36. K. Moreau et al., PICALM modulates autophagy activity and tau accumulation. Nat.
Commun. 5, 4998 (2014).

37. M. Nakamura, J. Sadoshima, Mechanisms of physiological and pathological cardiac
hypertrophy. Nat. Rev. Cardiol. 15, 387–407 (2018).

38. M. Zhang, D. A. Kass, Phosphodiesterases and cardiac cGMP: Evolving roles and
controversies. Trends Pharmacol. Sci. 32, 360–365 (2011).

39. A. Rousseau, A. Bertolotti, Regulation of proteasome assembly and activity in health
and disease. Nat. Rev. Mol. Cell Biol. 19, 697–712 (2018).

40. R. G. Yau et al., Assembly and function of heterotypic ubiquitin chains in cell-cycle
and protein quality control. Cell 171, 918–933.e20 (2017).

41. E. Zuccarello et al., Development of novel phosphodiesterase 5 inhibitors for the
therapy of Alzheimer’s disease. Biochem. Pharmacol., 113818 (2020).

42. R. Hesse et al., Reduced cGMP levels in CSF of AD patients correlate with severity of
dementia and current depression. Alzheimers Res. Ther. 9, 17 (2017).

43. A. Ugarte et al., Decreased levels of guanosine 3′, 5′-monophosphate (cGMP) in ce-
rebrospinal fluid (CSF) are associated with cognitive decline and amyloid pathology in
Alzheimer’s disease. Neuropathol. Appl. Neurobiol. 41, 471–482 (2015).

44. H. Zhang et al., PDE1 inhibition facilitates proteasomal degradation of misfolded
proteins and protects against cardiac proteinopathy. Sci. Adv. 5, eaaw5870 (2019).

45. J. E. Gilda, A. V. Gomes, Proteasome dysfunction in cardiomyopathies. J. Physiol. 595,
4051–4071 (2017).

46. A. Buglioni, J. C. Burnett Jr., New pharmacological strategies to increase cGMP. Annu.
Rev. Med. 67, 229–243 (2016).

14230 | www.pnas.org/cgi/doi/10.1073/pnas.2003277117 VerPlank et al.

https://www.pnas.org/cgi/doi/10.1073/pnas.2003277117

