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Abstract

The ubiquitin proteasome system degrades the great majority of proteins in mammalian cells.
Countless studies have described how ubiquitination promotes the selective degradation of
different cell proteins. However, there is a small but growing literature that protein half-lives can
also be regulated by post-translational modifications of the 26S proteasome. This article reviews
the ability of several kinases to alter proteasome function through subunit phosphorylation. For
example, PKA and DYRK2 stimulate the proteasome’s ability to degrade ubiquitinated proteins,
peptides, and ATP, while one kinase, ASK1, inhibits proteasome function during apoptosis.
Proteasome phosphorylation is likely to be important in regulating protein degradation because it
occurs downstream of many hormones and neurotransmitters, in conditions that raise CAMP or
cGMP levels, after calcium influx following synaptic depolarization, and during phases of the cell
cycle. Beyond its physiological importance, pharmacological manipulation of proteasome
phosphorylation has the potential to combat various diseases. Inhibitors of phosphodiesterases by
activating PKA or PKG can stimulate proteasomal degradation of misfolded proteins that cause
neurodegenerative or myocardial diseases and even reduce the associated pathology in mouse
models. These observations are promising since in many proteotoxic diseases, aggregation-prone
proteins impair proteasome function and disrupt protein homeostasis. Conversely, preventing
subunit phosphorylation by DYRK2 slows cell cycle progression and tumor growth. However,
further research is essential to determine how phosphorylation of different subunits by these (or
other) kinases alter the properties of this complex molecular machine and thus influence protein
degradation rates.
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INTRODUCTION

The great majority of proteins in mammalian cells are degraded by the ubiquitin proteasome
system (UPS). In this pathway, proteins are modified by the covalent attachment of multiple
ubiquitin molecules via an enzymatic cascade (1). Formation of a ubiquitin chain on a
protein targets it for rapid degradation by the 26S proteasome. This ATP-dependent
proteolytic complex is composed of the hollow, cylindrical 20S core particle (CP), within
which proteins are degraded, and at one or both ends, a 19S regulatory particle (RP) which
binds the ubiquitinated substrate, disassembles the ubiquitin chain, and unfolds and
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translocates the polypeptide into the core particle (2-4). In the mammalian genome, there
are about 650 ubiquitin ligases (E3s) and over 30 different ubiquitin conjugating enzymes
(E2s), which together provide great selectivity and tight regulation to the ubiquitination step
(5). Consequently, it has been widely assumed that the rate of degradation of a protein is
determined solely by its rate of ubiquitination. However, there is growing evidence that
many ubiquitinated proteins bind to the proteasome, are deubiquitinated and dissociate
without degradation (4, 6-8). Also, it is now clear that the ability of the 26S proteasome to
degrade ubiquitinated proteins is tightly regulated and can be altered by several
postsynthetic mechanisms. One form of proteasome regulation that not only seems to be of
major physiological importance, but also has clear therapeutic potential is subunit
phosphorylation (9). This article reviews our present understanding of this mode of
regulation of proteasome function and its biological significance.

The degradation of ubiquitin conjugates by the 26S proteasome involves multiple steps that
are tightly coordinated and linked to ATP hydrolysis by the six AAA+ ATPase subunits
(Rpt1-6), which form the base of the 19S particle (3). After a ubiquitinated protein binds
reversibly to receptor subunits on the 19S particle (Rpnl, Rpnl10, or Rpn13), the ubiquitin
chains are hydrolyzed by three proteasome-associated deubiquitiylating enzymes (Usp14,
Uch37, and Rpn11) (10). This removal of ubiquitin prevents the degradation of ubiquitin
with the substrate and enables the ubiquitins to be reused in subsequent rounds of
degradation. If a substrate contains a loosely-folded domain in addition to the ubiquitin
chain, it can become tightly bound to the 26S complex and committed to degradation (8, 11).
The protein is then translocated through the ATPase ring (Rpt1-6) and the gated pore in the
20S particle’s outer a-ring. Upon binding ATP, the ATPases’ C-terminal HbY X residues
dock into intersubunit pockets in the a-ring and trigger gate opening and peptide hydrolysis
(12). Translocation through the ATPases’ central channel causes unfolding of the upstream
domains, enabling substrate passage through the narrow gated channel into the 20S particle
and proteolytic digestion. This gate, which is formed by the N-termini of its a-subunits,
helps prevent nonspecific entry and degradation of cell proteins and the escape of partially
digested substrates (13). Protein hydrolysis occurs in the central chamber of the 20S particle
and is catalyzed by its three peptidase sites, which have chymotrypsin-like, trypsin-like, and
caspase-like specificities and are present on each of the two central p-rings (14).

The degradation of different proteins by the UPS is regulated primarily by their rates of
ubiquitylation by one of the many ubiquitin ligases present in every cell. The selectivity of
the E3s for certain proteins is often determined by post-translational modifications of the
substrate, especially phosphorylation (15). In addition, the proteasome can be regulated by
multiple mechanisms, including association with additional activating complexes, such as
PA28ap and PA200 (16), deubiquitinating enzymes, such as Usp14 (6), ubiquitin ligases,
such as Ube3c/Hul5 (17, 18) or regulatory proteins such as AIRAP (19) and ZNF216 (20).
Cells also can enhance their degradative capacity after proteasome inhibition by expressing
additional 26S proteasomes (21, 22) and specialized subunits of the 20S core particle are
present in thymus, testes, and immune tissues (23). The proteasomes in immune tissues and
after IFN-y treatment are called immunoproteasomes and degrade proteins at normal rates,
but their peptidase sites are more efficient in generating peptides appropriate for antigen
presentation (24).
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In addition to these types of regulation, mass spectrometry studies have described hundreds
of post-synthetic modifications on proteasome subunits (25, 26). A variety of intriguing
reports have described alterations in proteasome function after subunit modification by O-
GIcNACc (27), ADP-ribosylation (28), and ubiquitylation (17, 29). These modifications all
merit further study to clarify their physiological importance. Unfortunately, the
overwhelming majority of the post-translational modifications detected by mass
spectrometry, especially the many examples of subunit phosphorylation, have not been
experimentally investigated. Their influence, if any, on proteasome functions, remain
unknown.

This article focuses on the phosphorylation of proteasome subunits by different kinases.
Although the structure, enzymatic activities, and cellular functions of the 26S proteasomes
have been extensively investigated (2, 4, 30), proteasome regulation by protein kinases has
received relatively little attention. Nevertheless, there is considerable evidence discussed
below that certain types of proteasome phosphorylation not only appear to be of major
physiological importance in regulating protein turnover, but also have therapeutic potential
to combat various proteotoxic diseases or cancer. Our goal in preparing this review is also to
stimulate further interest in this area. Consequently, we shall also highlight a number of
outstanding questions about proteasome function and regulation that remain to be explored.

cAMP via Protein Kinase A (PKA) stimulates proteasome activities

Cyclic adenosine monophosphate (CAMP) was not only the first intracellular “second
messenger” to be discovered (31), but also the first intracellular signalling system implicated
in proteasome regulation (32). A rise in intracellular cCAMP mediates the effects of many
hormones and neurotransmitters and is critical in multiple metabolic responses, especially
ones involved in the mobilization of tissue energy reserves. The elucidation of the pathways
for cAMP production and its signaling mechanisms have accelerated our understanding of
many other cellular regulatory systems. Increasing intracellular cAMP concentration, either
through stimulating its synthesis by a G protein-regulated adenylyl cyclase or inhibiting its
hydrolysis by one of the cell’s eleven distinct cyclic nucleotide phosphodiesterases, leads to
cAMP binding to protein kinase A (PKA) (33, 34). This association of CAMP with PKA’s
two inhibitory subunits causes their dissociation and allows its two catalytic subunits to
phosphorylate numerous cellular proteins, including subunits of the proteasome’s 19S
regulatory complex.

When cAMP levels rise markedly in cells after treatment with forskolin, a natural product
which stimulates adenylyl cyclases, or rolipram, which inhibits the major cAMP-specific
phosphodiesterase, PDE4 (35), PKA'’s catalytic subunits become associated with the 26S
proteasome (36), and proteasome activity is enhanced in multiple ways. Both treatments
were shown to increase the 26S proteasome’s peptidase activity in crude extracts of all cell
types studied thus far (36). Furthermore, the 26S proteasomes purified from the treated cells
were more active in the degradation of ubiquitinated proteins, the 26S proteasome’s
physiological substrates, as well as short peptides that are specific substrates of each of the
core particle’s three peptidase sites (37). Additionally, ATP hydrolysis by the 26S, which
drives ubiquitin conjugate degradation (38), was also stimulated. These enhanced activities
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were clearly due to phosphorylation of the 26S because they could be reduced toward
normal levels upon incubation with protein phosphatase 1 (PP1) or by treating the cells with
the kinase inhibitor H89 (36).

Many proteasome subunits and 26S-associated proteins contain the PKA target sequences
and therefore can potentially be phosphorylated by PKA. Analysis of affinity-purified 26S
proteasomes from the forskolin- or rolipram-treated cells by PhosTag gel electrophoresis, in
which proteins migrate more slowly when phosphorylated (39), and mass spectrometry,
indicated that the 19S subunit Rpn6 was phosphorylated at serine 14 by PKA. PKA had been
reported to activate the proteasome via phosphorylation of the ATPase subunit Rpt6 (32), but
this modification was not increased in HEK293 cells upon forskolin or rolipram treatment
(36). cAMP-induced Rpn6 phosphorylation at S14 has now been observed in many cell
types and tissues with a phosphorylation site-specific antibody (Lokireddy et al, submitted).
Furthermore, over-expression of a phosphomimetic Rpn6 serine 14 to aspartic acid mutant in
HEK?293 cells increased proteasomal ATPase and peptidase activities, while the
phosphodead serine 14 to alanine mutant reduced them to below control levels. Thus, Rpn6
phosphorylation is sufficient to stimulate proteasome activities (36).

In the 19S regulatory particle, Rpn6 seems ideally situated to influence multiple proteasome
activities. Cryo-electron microscopy studies have shown that Rpn6 not only interacts with
Rpt6, one of the six ATPase subunits, but also reaches the 20S core particles’ outer ring and
interacts with a.2, one of its seven a-subunits (40), whose N-termini form the gated channel
for substrate entry. Raising CAMP also seemed to increase the fraction of 26S proteasomes
containing two 19S complexes (36, 41), and it’s possible that this increase in doubly-capped
particles contributes to the enhanced activity. Surprisingly, an increase in doubly- and
singly- capped proteasomes and peptidase activity was observed in human stem cells when
Rpn6 was over-expressed (42). Furthermore, when over-expressed in C. elegans, Rpn6
prolonged lifespan, especially in oxidative stress and heat shock conditions (43). Thus this
subunit, even without phosphorylation, seems to serve a key regulatory role and may
promote the formation or stability of the 26S proteasomes.

The stimulation of proteolysis by cAMP was evident within minutes after forskolin addition
and did not require new protein synthesis (36). Raising CAMP levels and Rpn6
phosphorylation not only increased multiple activities of purified 26S proteasomes, but also
enhanced the degradation of some cell proteins selectively. To ascertain whether the
degradation of all cell proteins was enhanced similarly, Lokireddy and colleagues
differentially radiolabeled two broad sets of cell proteins with pulses of labeled amino acids
for different durations. Surprisingly, increasing intracellular cAMP levels stimulated the
degradation of the short-lived (i.e. newly synthesized) fraction of cell proteins, while the
breakdown of long-lived proteins, which comprise the bulk of cellular proteins, was
unaffected. This forskolin-induced increase in protein breakdown occurred without a
concomitant rise in the levels of ubiquitinated proteins. On the contrary, total ubiquitin
conjugate levels in the cells fell rapidly after forskolin addition due to the accelerated
proteasomal activities.
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The short-lived proteins include various regulatory and misfolded proteins that are degraded
on the order of minutes to a few hours, while the long-lived components, tend to have half-
lives of many hours or days (44). Short-lived proteins are degraded exclusively by the UPS,
and this is the first example in which their degradation has been found to be selectively
altered. Other factors known to stimulate overall proteolysis (e.g. mTOR inhibition, serumm
deprivation or overexpression of constitutively active FOXO transcription factors) only
increase the breakdown of long-lived proteins (44, 45). Increasing cAMP levels also
enhanced the degradation of several rapidly degraded proteins that are ubiquitinated by
different enzymes, including the N-end rule system (Ub-R-GFP) (46), the UFD pathway
(UbG76V-GFP) (47), and the hydrophobic degron (GFP-CL1, aka GFPu), as well as a few
short-lived endogenous proteins, including the transcription factors SP1 (32), Nrf2 and c-
Myc (36). By contrast, no stimulation of autophagic proteolysis in HEK293 cells was seen
under these conditions. Of particular interest was the finding that raising cAMP
pharmacologically, or expressing the phosphomimetic Rpn6 mutant stimulated the
breakdown of several aggregation-prone mutant proteins associated with human
neurodegenerative diseases, including mutant FUS and TDP43, which cause Amyotrophic
Lateral Sclerosis (ALS), and a mutant Tau that causes Frontotemporal Dementia (36, 48)
(see below).

Because cCAMP and PKA mediate the actions of many hormones, and neurotransmitters,
these findings suggested that proteasome activation occurs not only with the very high
cAMP concentrations achieved pharmacologically, but also in various physiological
conditions that raise CAMP. Probably the best characterized cAMP-mediated metabolic
responses are the activation of glycogen breakdown and the inhibition of glycogen synthesis
in liver and muscle by glucagon or epinephrine. Treatment of hepatocytes with glucagon
increased Rpn6 phosphorylation at serine 14, stimulated proteasome activity, and selectively
enhanced the degradation of short-lived proteins (Lokireddy et al, submitted). Epinephrine
caused a similar proteasome activation in hepatocytes and hearts. Epinephrine and cAMP are
critical in activating the sympathetic “Fight or Flight” response which occurs during
exercise. In muscle biopsies from human volunteers after vigorous exercise (49) and in rat
muscles after repetitive stimulation, the 26S proteasomes contained Rpn6 phosphorylated at
serine 14 and were more active (Lokireddy et al, submitted). cAMP levels also rise in the
liver and skeletal muscles after a brief fast. The 26S proteasomes purified from these mouse
tissues after food-deprivation for 12-48 hours were phosphorylated on Rpn6 at serine 14 and
exhibited greater activities without any increase in proteasome number. After food
deprivation, this rapid enhancement of 26S activity must occur simultaneously with the
increase in protein ubiquitination and autophagy caused by the fall in mTOR activity (45)
and it clearly precedes the transcriptional adaptations and large increases in protein
breakdown and muscle wasting in fasting (50).

Because short-lived proteins comprise a small fraction of cell mass, it is unclear how their
accelerated breakdown may provide a selective advantage to the organism during exercise,
fasting, or other hormonal responses that increase intracellular cAMP levels. Their
degradation is unlikely to provide the organism with significant metabolic energy, in contrast
to the cAMP-mediated breakdown of glycogen or lipids or the accelerated breakdown of
long-lived cell proteins in starvation that provides amino acids for gluconeogenesis. The
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faster degradation of short-lived proteins in muscle upon exercise may promote the efficient
elimination of proteins damaged by the repeated contractions or by free radicals released
from mitochondria. Alternatively, the faster degradation of short-lived proteins may help
cells adapt to the altered physiological conditions by rapidly destroying certain preexistent
regulatory proteins. Their clearance would thus complement the concomitant stimulation of
new gene expression by cAMP and CREB and together accelerate the adaptation to the new
physiological demands.

Therapeutic potential of stimulating the proteasome via agents that raise

CAMP

A primary function of the UPS is to eliminate misfolded or damaged proteins whose
accumulation is potentially toxic (51). Pharmacological treatments that stimulate their
degradation represents a potential new approach to reduce the accumulation of the misfolded
proteins that cause many human diseases. The demonstration that activators of adenylyl
cyclases or inhibitors of phosphodiesterases can promote the degradation of mutant proteins
that cause Amyotrophic Lateral Sclerosis or Frontotemporal Dementia and other tauopathies
(36, 48) raised the possibility that such agents could represent novel therapies for these and
other proteotoxic disease. A number of pharmacological agents are known that raise CAMP
in target tissues, and many inhibitors of PDE4 have been synthesized, including three
approved for human use (35).

Activation of proteasomes should be of particular interest for therapy in neurodegenerative
disorders, because of the growing evidence that proteolysis by the UPS is impaired in such
diseases (52). In several disease models, the accumulation of aggregation-prone mutant
proteins in cells and mouse tissues interferes with protein breakdown by the 26S
proteasome. For example, infection of neurons with the toxic form of PrPSC, the agent that
causes Bovine Spongiform Encephalitis and Creutzfeldt-Jakob disease, decreases, protein
degradation, and 26S proteasome activity (53). Additionally, the association of aggregated
PrPSC with purified proteasomes impairs its gating mechanism (54). Similarly, the
overexpression in mouse brains of a mutant Tau protein (P301L) that causes human
Frontotemporal Dementia leads to the accumulation of ubiquitinated proteins, phospho-tau,
and the widely-studied UPS substrate UbG76V-GFP (48). Furthermore, the 26S proteasomes
purified from these brains have a reduced ability to hydrolyze ubiquitinated proteins,
peptides and ATP (48). Impairment of proteasome function has also been found in a mouse
model of Charcot Marie Tooth 1B neuropathy, which is caused by a mutation in Myelin
Protein Zero (J. VerPlank and L. Wrabetz, unpublished), and in a mouse model of desmin-
related cardiomyopathy (55, 56) (see below). Thus, proteasome defects seem to represent a
common mechanism in human diseases caused by accumulation of aggregation-prone
proteins. Treatment of mice expressing mutant tau (P301L) with rolipram not only increased
brain proteasome function but also decreased the accumulation of polyubiquitinated proteins
and mutant Tau protein (48). Thus, pharmacological treatments causing phosphorylation of
the proteasome by PKA are a promising approach to reduce the buildup of these toxic
proteins.
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Protein Kinase G (PKG) enhances proteasome activity and protein
degradation

There is compelling evidence that the cGMP-dependent kinase, Protein Kinase G (PKG),
can also phosphorylate and activate the 26S proteasome. PKG resembles PKA in structure
and is composed of two catalytic subunits and two regulatory subunits, which in the absence
of cGMP inhibit the catalytic subunits (49). Wang and colleagues have shown that
overexpression of these catalytic subunits in neonatal rat ventricular myocytes results in
increased proteasomal peptidase activity in crude lysates and accelerated degradation of the
model UPS substrate GFPu (also termed GFP-CL1) (55). Similar changes in proteasome
activity and GFPu degradation were seen when intracellular cGMP levels were increased by
treating these cells with sildenafil, an inhibitor of a cGMP-specific phosphodiesterase, PDE5
(55). Sildenafil is widely used to treat erectile dysfunction and pulmonary hypertension,
because it causes vasodilation by enhancing the PKG-dependent relaxation of vascular
smooth muscles (35).

The finding that PKG stimulates proteasome activity in the heart also has potential
therapeutic applications because there is growing evidence that impairment of the UPS
contributes to the pathogenesis of several inherited cardiomyopathies (56). For example,
desmin-related cardiomyopathy is caused by mutations in desmin, a muscle-specific
intermediate filament protein, or by mutations in ap-crystallin (Cryap), an abundant
molecular chaperone that helps maintain desmin in its properly folded state (57). In the
hearts and muscles of patients with this disease, and also in tissues of a transgenic mouse
that express the human CryapR120G mutation, ubiquitinated aggregates of ap-crystallin
and other proteins accumulate (55). Treatment of these mice with sildenafil increased the
proteasome’s peptidase activity in the heart and reduced the accumulation of
polyubiquitinated proteins and aggregated Cryap. Furthermore, sildenafil stimulated the
degradation of mutant Cryaf in the cultured cardiac myocytes and also reduced the cardiac
hypertrophy and heart failure seen in mice expressing this mutated protein (55). Because
activation of PKG affects many cellular processes and cardiovascular responses (e.g.
vasodilation), it is unclear if the reduced hypertrophy resulted from the increased
proteasome activity and more rapid proteolysis. Nevertheless, these findings are exciting and
clearly indicate the therapeutic potential of PKG activation in certain proteotoxic diseases
especially in certain cardiovascular diseases (e.g. cardiac failure) where raising cAMP could
be harmful. However, it remains to be ascertained whether cAMP and cGMP promote the
degradation of the distinct types of misfolded protiens. Beyond its basic biochemical
interest, such information could also determine which is the best agent to use to treat specific
disease.

Unfortuantely many other important mechanistic questions concerning cGMP’s effects have
not been investigated. It is unclear what subunit(s) and what residue(s) are phosphorylated
by PKG and necessary for proteasome activation. Ranek et al (55, 58) reported that PKG
activation in cardiac cells caused an acidic shift of the 20S subunit g5 and the 19S ATPase
subunit Rpt6, strongly suggesting their phosphorylation. As noted above, Rpt6 had also been
reported to be phosphorylated at serine 120 by PKA (32) and CAMKIla (59, 60) (see
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below). However, the residue(s) phosphorylated by PKG was not identified, nor was site-
specific mutagenesis performed. In human neuroblastoma cells, raising cGMP also
stimulates 26S peptidase activities, but does not cause Rpn6 S14 phosphorylation (VerPlank
and Goldberg, unpublished observation). Thus, PKG and PKA activate proteasomes by
distinct mechanisms, which presumably leads to distinct effects on protein turnover.

cGMP production in the heart can also be stimulated when the neurotransmitter
acetylcholine binds to cardiac M2 Muscarinic receptors. Accordingly, stimulation of M2
muscarinic receptors with pilocarpine in cultured ventricular myocytes caused PKG
activation and increased degradation of the GFPu and proteasome peptidase activity in the
cell lysates. Conversely, blocking the M2 receptor with the antagonist methoctramine
reduced PKG activation, as well as proteasome activity and proteolysis (58). Even though
sympathetic stimulation of the heart by epinephrine and parasympathetic stimulation by
acetylcholine have opposite effects on heart rate and cardiac output, it is intriguing that both
enhance cardiac proteasome activity, apparently through phosphorylation of different 26S
subunits by PKA and PKG. Although both appear to accelerate degradation of certain
proteins via the UPS, it is likely that they promote the degradation of distinct sets of cell
proteins in order to aid in the adaptation to the increased or decreased cardiac output.

Calcium/Calmodulin-dependent protein Kinase Il (CAMKII) and neuronal

function

Neuronal depolarization has been shown to alter proteasome localization in cells and
proteasome activity, apparently by causing an influx of calcium (60-62). In hippocampal
neurons, synaptic potentials or activation of the NMDA receptors leads to calcium entry and
the translocation of 26S proteasomes from the dendrites into the spines (60, 61). These
synaptic potentials also cause the movement to dendritic spines of CAMKIla, a member of
the calcium/calmodulin-dependent family of protein kinases (63). This translocation of
proteasomes is dependent on CAMKIla autophosphorylation (60), which maintains
CAMKIla in an active state after the dissipation of the calcium spike. This prolongation of
CAMKIla activity is important in the synaptic adaptations responsible for learning and
memory (64), in which proteolysis also plays a role (65). Proteasome translocation
decreased the level of ubiquitinated proteins in the spines (60, 61) and thus appears to lead
to a localized enhancement of protein degradation.

Djakovic and colleagues (62) showed that depolarization of neurons with the GABA
receptor antagonist, bicuculline, increased both proteasome peptidase activity in the lysates
and the degradation in neurons of a proteasomal substrate requiring ubiquitination (GFPu)
and one not requiring ubiquitination (ornithine decarboxylase). This stimulation of
proteasome activity did not occur when CAMKIla was inhibited and thus, presumably
requires 26S phosphorylation by this enzyme (62). By contrast, CAMKIla’s catalytic
activity was not essential for proteasome translocation into the spines (60). Thus, although
proteasome translocation and the increase in activity are both triggered by calcium influx,
they must occur by distinct mechanisms.
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Purified CAMKII was initially reported to phosphorylate the ATPase subunit Rpt6 (62) at
serine 120 (60) on isolated 26S proteasomes and phosphorylation of Rpt6-S120 was also
detected with a phospho-specific Rpt6-S120 antibody in neurons after depolarization with
bicuculline (59). However, a phosphomimetic mutation of Rpt6-S120 did not enhance
proteasome activities (59). Perhaps in addition to Rpt6, CAMKIla phosphorylates another
subunit, which may also be required for the stimulation of activity. Alternatively, another
calcium-dependent signaling mechanism may be involved in triggering proteasome
activation. In the presence of calcium, calmodulin binds to several proteasome subunits and
proteasome-interacting proteins (66) and may alter 26S function allosterically without
involvement of a kinase. Nevertheless, Rpt6-S120 phosphorylation is important for neuronal
plasticity because expression of a phosphodead mutation diminished both synaptic strength
and the outgrowth of dendritic spines that is usually induced by synaptic activity (59, 67).
Both the increased synaptic strength and outgrowth of spines are also blocked by
proteasome inhibitors (67-69). Furthermore, the level of p-Rpt6-S120 increased in the
amygdala of rats during the formation and retrieval of fear-associated memories (70, 71) as
well as in the nucleus accumbens and prefrontal cortex of mice after cocaine administration
(Gentry Patrick, personal communication). Thus, Rpt6 phosphorylation seems to be
important for multiple aspects of brain function, but its precise effects on proteasome
activities and protein turnover are still uncertain.

Bingol and colleagues also demonstrated a localized increase in ubiquitination after calcium
influx (60), which seems to lead to enhanced proteolysis and to be coordinated with the
proteasome activation. When proteasome movement into the spines following NMDA
receptor activation was prevented (by mutating CAMKII’s calmodulin- or NMDAR-binding
sites), polyubiquitinated proteins accumulated to a greater extent than if no calcium had
entered the neuron. In addition, there was a greater accumulation of polyubiquitinated
proteins upon activation of NMDA receptors in the presence of a proteasome inhibitor (60).
Thus, the rise in cell calcium in addition to promoting proteasome activity also stimulates
ubiquitination, probably by activating E3 ligases that are dependent on calcium or
calmodulin (72-74). It is noteworthy that cAMP, like calcium influx, also seemed to
promote ubiquitination in addition to proteasome function (36). Thus, both seem to enhance
proteolysis by the UPS through multiple, presumably linked, actions.

Dual-specificity tyrosine-regulated kinase 2 (DYRK?2) and the cell cycle

In addition to these examples of proteasomal regulation by non-cell autonomous signals,
there is at least one important form of 26S phosphorylation controlled through a cell-
autonomous mechanism. Progression through the cell cycle depends on the phosphorylation-
induced ubiquitination and proteasomal degradation of key regulatory proteins (i.e. cyclins
and cyclin-dependent kinase inhibitors), which control the timing of cell cycle transitions
(75). Although this crucial role of phosphorylation-dependent ubiquitination has been
known for decades, the possible regulation of proteasomes during the cell cycle was not
investigated until recently. Several studies have identified by mass spectrometry proteasome
subunits that are phosphorylated at different stages of the cell cycle (76—78). One clear
example was recently described by Guo and colleagues, who demonstrated that
phosphorylation of the 19S ATPase subunit Rpt3 on threonine 25 increased in S phase and
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remained high through G2 and M phases (79). They therefore performed a screen of human
kinases and found that DYRK?2 could catalyze Rpt3 phosphorylation at T25. Moreover, the
levels of DYRK2 mRNA and protein also increased during S phase and remained elevated
through M phase, and thus, its expression may determine rates of Rpt3 modification.

Proteasomes purified from these phases of the cycle contained phosphorylated Rpt3, and
exhibited a greater capacity to degrade short peptides and a ubiquitinated protein, as well as
greater ATPase activity in the presence of a ubiquitinated protein (79). Thus, these particles
showed generally similar enzymatic changes as 26S proteasomes phosphorylated by PKA on
Rpn6. Prevention of this phosphorylation by a phosphodead mutation of threonine 25 to
valine with CRISPR-Cas9 gene editing in human breast cancer cells prevented the
stimulation of the proteasomes by DYRK2. Most importantly, these mutations slowed the
degradation of long-lived cell proteins and the major cell cycle regulatory factors, p27XiPl
and p21¢iP1, These cdk1 inhibitors block the transition from G1 to S phase and their
accelerated degradation should thus promote cell cycle progression. As a result of the
phosphodead Rpt3, cell proliferation was reduced, and apoptosis increased. Furthermore,
knockdown of DYRK2 or prevention of Rpt3 phosphorylation with the phosphodead
mutation reduced tumor growth in nude mice (79). This inhibition of cell proliferation /n
vivo strongly suggests that DYRK2 is a potential drug target for the treatment of certain
cancers. In addition, DYRKZ gene amplification occurs in many cancers, and breast cancer
patients with higher DYRKZ expression levels tend to have a lower survival rates (79).

While DYRK2 may regulate additional processes important for cell cycle transitions, the
slow growth and cell death caused by the Rpt3 phosphodead mutation clearly demonstrate
the importance of this modification in enhancing degradation of key proteins during S, G2,
and M phases. To achieve a further understanding of the importance of Rpt3
phosphorylation and DYRK?2’s role, it will be valuable to identify the other proteins that are
ubiquitinated and degraded faster during these cell-cycle phases.

Apoptosis Signal-Regulating Kinase 1 (ASK1) and proteasome inhibition

Unlike the other examples of subunit phosphorylation discussed here, which enhance
proteasome activity, phosphorylation of the 19S ATPase subunit Rpt5 by ASK1 reduces 26S
activity and protein breakdown (80). ASK1 is a member of the Mitogen Activated Protein
Kinase (MAPK) kinase kinase (MKK) family and is activated by several apoptotic stimuli,
including death receptor ligands, lipopolysaccharides, severe oxidative and endoplasmic
reticulum stress (81). After overexpression of ASK1 in HEK293 cells, proteasomal
peptidase activity in cell lysates decreased, and the levels of polyubiquitinated proteins
increased. Also, there was an accumulation of certain short-lived proteins that normally
undergo proteasomal degradation by ubiquitin-dependent (GFPu, UbG767V-GFP) or
independent (ODC-GFP) routes (80). Conversely, siRNA-mediated knockdown of
endogenous ASK1 enhanced proteasomal peptidase activity and the degradation of these
proteins in HEK293 cells, mouse embryonic fibroblasts, and human melanoma cells (80,
82). Thus in these cultures, endogenous ASK1 appears to cause some basal phosphorylation
of the 26S proteasome that limits its activity and inhibits intracellular proteolysis.
Overexpression of ASK1 also leads to its association with 19S subunits, phosphorylation of
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the ATPase subunit Rpt5, and reduced proteasomal ATPase activity. Moreover, 26S activity
could be restored to normal levels by phosphatase treatment of the isolated particles (80).
However, it remains unclear on which residue Rpt5 is modified and whether this
modification by itself actually causes these changes in proteasome activity and protein
turnover rates. Presumably, this ASK1-mediated decrease in proteasome function and
inhibition of protein degradation contributes to the progression of apoptosis, but it is not
clear why it is advantageous to decrease proteasome activity in response to apoptotic stimuli,
since many steps in the apoptosis pathway require degradation of inhibitory proteins by the
UPS (83).

In addition to ASK1, other kinases in the p38 MAPK signaling cascade can repress
proteasome function (82, 84). Overexpression of an active mutant of p38 MAPK caused the
accumulation of proteins that normally undergo rapid proteasomal degradation by ubiquitin-
dependent (GFPu, UbG767V-GFP, Ub-R-GFP) or independent (ODC-GFP) routes (84).
Conversely, small molecule inhibitors of p38 MAPK and siRNA-mediated knockdown of its
a-isoform stimulated proteasome peptidase activity and intracellular degradation of a.-
synuclein (82). Furthermore, siRNA-mediated knockdown of MKK®6, which like ASK1 is an
upstream activator of p38 MAPK, or knockdown or chemical inhibition of MK2, a kinase
that functions downstream of p38 MAPK, enhanced proteasome peptidase activity (82).
Thus, although the biological significance of the regulation of proteasome function by this
pathway is unclear, specific inhibitors of the p38 MAPK pathway may also be
therapeutically useful to enhance proteasome activity and promote the clearance of
potentially toxic proteins.

Casein Kinase Il (CK2)

Multiple early studies reported that Casein Kinase Il can be co-purified with the 20S
proteasome and can phosphorylate the a7 subunit at serines 243 and 250 (85-87). However,
recent mass spectrometric studies of the 26S proteasome have not found CK2 in affinity-
purified preparations (17). This kinase may thus interact only with the free 20S particles and
perhaps specifically with a-ring residues that tend to be masked in the 26S particles. CK2 is
a pleiotropic kinase, whose physiological role remains incompletely understood. Unlike the
other kinases discussed in this article, CK2 is constitutively active and is not known to
respond to secondary messengers or phosphorylation by other kinases (88). Therefore, the
phosphorylation of proteasome by CK2 is likely to occur constitutively, but may be
regulated through the actions of some protein phosphatases.

The phosphorylation of serines within the C-terminal tail of mammalian a7 has been
suggested to be important for the interaction between the CP and the RP (87). When
mammalian a7 S243 or S250 phosphodead mutants were overexpressed in COS-7 cells, less
26S proteasomes and more 20S proteasomes were found (87). In addition, 26S proteasomes
purified from yeast expressing a7 with these phosphodead mutations in its three C-terminal
serines (258, 263 and 264) contained less of the large proteasome-interacting protein
ECM29 (89). Several functions have been proposed for ECM29, including stabilizing 19S—
20S association (90), inhibiting proteasome activity (91), and causing proteasomal
dissociation during exposure to H,0, (92). Though intriguing, these observations are
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difficult to interpret since the replacement of multiple serines in an a-subunit may greatly
alter proteasome structure and interactions. Thus, the importance of this modification by
CK2 and its biological consequences for proteasome function remain unclear.

Our limited knowledge and future directions

The regulation of protein breakdown by proteasome phosphorylation represents a newly
appreciated mode of regulation of intracellular protein degradation, but as this review
emphasizes, our knowledge about the biochemical and cellular consequences of these
various proteasome modifications is limited. Although the literature concerning the
degradation of different proteins is now enormous, nearly all of it has focused on the
specificity and control of ubiquitination rates, and until recently, there has been very little
consideration of the possibility of regulation at the proteasome level (4, 9). Yet more than
300 phosphorylation sites in proteasome subunits have been detected by mass spectrometry
(9), and for the vast majority of them, the responsible kinases, their frequencies, and the
functional consequences, if any, are unknown. While it is likely that the great majority of
these phosphorylations have no regulatory roles, a number of additional kinases are likely to
influence proteasome function, since the few studies on this topic have already uncovered
several well-characterized protein Kinases that alter proteasome properties.

This article has focused on the several kinases that clearly influence proteasome function or
seem likely to do so. However, definitive evidence of regulation of protein half-lives through
26S phosphorylation has thus far only been obtained for PKA (36) and DYRK?2 (79), where
phosphomimetic and phosphodead mutations have been shown to alter proteasome function.
For the other kinases, it remains to be proven by mutagenesis that the phosphorylation of a
specific 26S subunit actually causes the increase in enzymatic activity, and that the
proteasome activation is both necessary and sufficient to cause the more rapid protein
degradation in cells. Such genetic evidence is essential because these kinases may not only
enhance proteasome activity, but may also stimulate ubiquitination. Many examples are
known where a kinase triggers a protein’s degradation by phosphorylating it and forming a
motif that is specifically recognized by a ubiquitin ligase (a “phosphodegron”) (15). Kinases
may also stimulate ubiquitination by phosphorylation of a ubiquitin ligase (15) or through
the phosphorylation and inhibition of a deubiquitinating enzyme.

In fact, two kinases, PKA (36) and CAMKII (60, 62), have been shown to both activate
proteasomes and increase protein ubiquitination, and it seems likely that these responses are
linked to favor efficient breakdown of a set of cell proteins. In such cases, ubiquitination
may still specify the proteins being degraded, while proteasome activation would have more
general effects to ensure rapid breakdown of the conjugated proteins. Thus, proteasome
activation would seem to be an appropriate response during cellular transitions, where the
proteome is being remodeled, such as in cells proceeding through the cell cycle, or in
transition from the fed to fasted states, or in recovery after exercise. At such times,
additional components of this pathway may also be coordinately regulated, such as shuttling
factors, which deliver ubiquitin conjugates to the proteasome or the p97/VCP ATPase
complex, which extracts and unfolds ubiquitinated proteins to facilitate their degradation.
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Recently, major advances have been made in our knowledge of proteasome structure and
catalytic activities (2, 4). Hopefully these new insights will enable us to eventually
understand how the phosphorylation of specific residues can change the structure and
properties of a particle containing approximately 60 subunits. Achieving this goal will be
challenging because for most of the kinases discussed here, the phosphorylated subunit and
the modified residue have not yet been definitively identified, and their identification has
proven surprisingly difficult (82). Also, the analysis of proteasome function has often been
restricted to assays in crude extracts using small fluorogenic peptide subunits, which do not
necessarily measure proteasome capacity to degrade its natural substrates, ubiquitinated
proteins. In only two cases, PKA and DYRK2, have the 26S proteasomes been purified and
degradation of ubiquitin conjugates and ATP been studied (36, 79). Surprisingly, the
phosphorylation of Rpn6 by PKA and of the ATPase subunit Rpt3 by DYRK2 seem to
enhance proteasome activity similarly (i.e both increase hydrolysis of peptides, ATP, and
ubiquitin conjugates), even though these two phosphorylated subunits share no structural
features and differ in location, interacting subunits, and function.

The multiple proteasomal processes that are stimulated by these two kinases and inhibited
by ASK1 are not independent activities. The 19S ATPases regulate gate opening into the 20S
particle and thus control itsl three peptidase activities, and the rate of ubiquitin conjugate
degradation is determined by the rate of ATP hydrolysis (38). Thus, the acceleration of
ATPase activity by itself may account for the multiple enzymatic changes during proteasome
activation. Other potentially important functional consequences of proteasome
phosphorylation have not been examined for any of these kinases, such as possible effects on
the three 26S-associated deubiquitinating enzymes, on binding of different types of ubiquitin
conjugates.

In cells 26S proteasomes are quite heterogeneous and differ normally in their subcellular
locations, content of interacting proteins, and associated regulatory complexes. Thus,
kinases may phosphorylate only a fraction of cell proteasomes and alter protein turnover
only in parts of the cell. Enzymes involved in cCAMP, cGMP and calcium signaling and the
various phosphodiesterases are not uniformaly distributed in cells (93). In fact, physiological
activation of phosphorylation cascades probably occurs in only certain cellular locations.
There is growing evidence that at most times, the majority of intracellular 26S particles are
inactive (94, 95), and phosphorylation may serve to activate some of these latent particles, or
to inactivate some proteasomes in the case of ASK1.

Although time course studies have not yet been reported, proteasome phosphorylation in
most cases must be a transitory response that occurs only during certain phases of the cell
cycle or following hormonal stimuli or synaptic activity. Therefore, these responses must be
terminated through actions of phosphatases, whose roles in proteasome regulation have
received even less attention than kinases. Nevertheless, two phosphatases, calcineurin, the
calmodulin-regulated phosphatase, and UBLCP1, the ubiquitin-like domain-containing
phosphatase, co-purify with 26S proteasomes (96-99). Interestingly, UBLCPL1 is only found
on nuclear proteasomes (97), and dephosphorylation by UBLCP1 suppressed nuclear
proteasome peptidase activity (97). So, a specific role for UBLCP1 in regulation of nuclear
proteasomes seems likely, but the opposing kinase(s) in the nucleus are not known.
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Even though our knowledge of the underlying biology is limited, it is clear that treatments
that enhance proteasome phosphorylation are a promising, new approach to combat various
proteotoxic diseases. The fundamental role of the ubiquitin-proteasome pathway in
protecting against the accumulation of misfolded proteins had long been recognized (51),
but it had not been appreciated that physiological mechanisms exist to rapidly enhance the
cell’s capacity to degrade such proteins, or that they can be manipulated pharmacologically.
This exciting possibility is based on the finding that agents that raise cAMP or cGMP can
stimulate the clearance of aggregation-prone, toxic proteins in cultured cells and transgenic
mouse models (48, 55). Enhancing proteasome function seems like a particularly attractive
approach to treat proteotoxic diseases because of the growing evidence that in such diseases,
proteasome activity is impaired (probably by the protein aggregates), and that the resulting
failure of protein homeostasis is deleterious and causes further accumulation of the toxic
proteins (48, 53). Combatting these diseases by raising CAMP or cGMP also seems quite
feasible, because many drugs that inhibit specific phosphodiesterases are known, and several
are already approved by the FDA. In fact, a recent screen found ten compounds that activate
proteasomes and protein breakdown, and several of them have been shown to influence
cellular levels of cAMP, cGMP, or calcium (82). It is unclear at present whether activating
these different kinases enhances the breakdown of the same proteins by the proteasome, and
such information should help determine their potential therapeutic applications.

For other diseases, especially to treat certain cancers, blocking proteasome activation by
kinase inhibition (e.g. DYRK2) or proteasome inhibition through activation of ASK1 may be
a useful strategy, just as proteasome inhibitors have already greatly advanced the treatment
of multiple myeloma (100). The exciting finding that preventing Rpt3 phosphorylation by
DYRK2 retards growth of certain cancers (79), and that DYRK?2 is induced in several
cancers, provide a strong rationale for developing selective inhibitors of this enzyme. The
utility and long-term consequences of such therapies are difficult to predict, since it is
unclear how these various kinases affect the breakdown of cell proteins. Thus, greater
knowledge about these cellular mechanisms is not only of biochemical and cell biological
interest but may also have important therapeutic benefits.

Abbreviations

PKA Protein Kinase A
cAMP cyclic adenosine monophosphate
PKG Protein Kinase G
cGMP cyclic guanosine monophosphate

DYRK?2 Dual-specificity tyrosine-regulated kinase 2

ASK1 Apoptosis Signal-Regulating Kinase 1
UPS Ubiquitin Proteasome System
CK2 Casein kinase 2
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Figure 1. Structures of the 26S proteasome
A.) The 26S proteasome is composed of the 20S core particle and a 19S regulatory particle

attached to one or both ends. The 20S has seven a subunits (light blue), whose N-termini
form a gate that prevents nonspecific protein degradation, and seven B subunits (dark blue),
three of which contain proteolytic active sites with distinct substrate preference (indicated).
The 19S has six ATPase subunits (Rpt 1-6) (orange), which unfold and translocate substrates
in an ATP-dependent manner into the 20S for proteolysis. Three of these ATPase subunits
(Rpt 3, 5, and 6) are reported to be phosphorylated by kinases discussed here. Rpn6 is
phosphorylated by PKA and is unusual because it interacts with subunits of both the 19S
ATPase ring and 20S a ring.

B.) A ubiquitinated substrate is bound by one of the ubiquitin receptor subunits. If the
substrate has an unstructured region, it becomes tightly bound by the proteasome, committed
to degradation, and the 19S ATPase subunits (Rpt 1 - 6) are activated. Degradation does not
occur every time a ubiquitinated substrate binds the proteasome because deubiqutination can
occur prior to the commitment step, resulting in substrate release. If committed to
degradation, the substrate is translocated in an ATP-dependent manner into the 20S where it
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is hydrolyzed to small peptides by the three proteolytic sites. It is currently unknown how
phosphorylation of a subunit either speeds up or slows down this degradation process.
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Figure 2. Our present under standing of proteasome activation by cAMP and cGMP
A.) Hormones and compounds that raise intracellular cCAMP cause PKA to phosphorylate

the proteasome on 19S subunit Rpn6. The phosphorylated proteasome is more active and
degrades faster short-lived proteins in all examined cells, including defined UPS model
substrates and mutant proteins that cause neurodegenerative diseases.

B.) PDES5 inhibitors and cardiac M2 muscarinic receptor agonists raise intracellular cGMP
and activate PKG in hearts and cultured primary cardiomyocytes. PKG phosphorylates
proteasome subunits and stimulates the degradation of a mutant a.pCrystallin, which causes
desmin-related cardiomyopathy, and the defined UPS substrate GFP-CL1.
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Figure 3.
Phosphorylation by DYRK?2 of the proteasome 19S subunit Rpt3 during S, M, and G2

phases of the cell cycle. These phosphorylated proteasomes are more active and degrade
faster long-lived proteins as well as two cyclin-dependent kinase inhibitors that inhibit the
transition from G1 to S phase: p21€1P1 and p27KirL,
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