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Abstract: The proteasome is a structural complex of many 
proteins that degrades substrates marked by covalent 
linkage to ubiquitin. Many years of research has shown 
a role for ubiquitin-proteasome-mediated proteolysis 
in synaptic plasticity and memory mainly in degrading 
synaptic, cytoplasmic and nuclear proteins. Recent work 
indicates that the proteasome has wider proteolytic and 
non-proteolytic roles in processes such as histone modifi-
cations that affect synaptic plasticity and memory. In this 
review, we assess the evidence gathered from neuronal as 
well as non-neuronal cell types regarding the function of 
the proteasome in positive or negative regulation of post-
translational modifications of histones, such as acetyla-
tion, methylation and ubiquitination. We discuss the 
critical roles of the proteasome in clearing excess histone 
proteins in various cellular contexts and the possible non-
proteolytic functions in regulating transcription of target 
genes. In addition, we summarize the current literature on 
diverse chromatin-remodeling machineries, such as his-
tone acetyltransferases, deacetylates, methyltransferases 
and demethylases, as targets for proteasomal degradation 
across experimental models. Lastly, we provide a perspec-
tive on how proteasomal regulation of histone modifica-
tions may modulate synaptic plasticity in the nervous 
system.
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Introduction
The proteasome is a cellular complex that degrades pro-
teins marked by covalent attachment to several molecules 
of ubiquitin. The linkage of ubiquitin to substrates is 
precisely regulated by an enzyme that mediates activa-
tion of ubiquitin (E1), enzymes that carry the activated 
ubiquitin (E2s) and enzymes that ligate it to the protein 
substrate (E3s). The proteolytic portion of the proteasome 
resides in its 20S (named thus because of its sedimenta-
tion coefficient) core to which two 19S regulatory caps 
(RCs) are attached. The 19S RCs remove the polyubiquitin 
tag, unfold the substrate protein and thread it through the 
narrow aperture of the 20S core for degradation into poly-
peptide fragments (Figure 1) (1).

Protein degradation by the ubiquitin-proteasome 
pathway (UPP) plays numerous roles in the nervous 
system. Originally, the role of the UPP was discovered in 
synaptic plasticity in the invertebrate Aplysia californica 
(2), a marine slug utilized for pioneering discoveries of 
molecular mechanisms underlying long-term facilita-
tion (3). Subsequently, the role of the UPP was shown 
in late-phase long-term potentiation in the murine hip-
pocampus, a well-studied model of synaptic plasticity 
in vertebrates (4, 5). Since then, numerous other inves-
tigations have shown that the proteasome is critical for 
memory  formation. For example, proteasome inhibition 
in the hippocampus hinders consolidation of inhibitory 
avoidance memory, while blocking proteasome activity in 
the amygdala interferes with long-term fear memory (6, 7).

What are the mechanisms by which UPP contributes 
to synaptic plasticity and memory? Although the role 
of the UPP and the proteasome have been elucidated in 
regulating protein kinases, transcription factors, neu-
rotransmitter receptors and other molecules critical for 
changing synaptic strength, much remains to be under-
stood. Recent studies show that the proteasome modu-
lates transcription by regulating epigenetic modifications 
of the N- terminal tails of histone proteins, such as histone 
acetylation, methylation and ubiquitination, which are 
critical for synaptic plasticity and memory.
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Roles of the proteasome and 
ubiquitin
The proteasome is traditionally known to degrade pro-
teins that are marked by attachment of ubiquitin. A single 
ubiquitin is covalently linked to the side chain of lysine 
(K) residues in the substrate. Once the first ubiquitin mol-
ecule is attached, a second ubiquitin molecule is linked to 
the K residue in the 48th amino acid sequence position of 
the first ubiquitin. This process is repeated several times 
and thus a polyubiquitin chain grows. The polyubiquitin 
chain is recognized by the proteasome for degradation.

Attachment of ubiquitin molecules to substrate pro-
teins (ubiquitination) is a highly regulated step performed 
by three specialized enzymes (Figure 1), as explained 
above. The E1 is the least physiologically regulated 
enzyme, while the E2 is highly selective for its E3 binding 
partner and the E3 displays a high degree of substrate 
specificity. Although the kinetics of ubiquitination have 

Figure 1: The ubiquitin-proteasome pathway.
In this pathway, ubiquitin (represented by open circles with 
straight tails) is selectively and covalently liked to the substrate. 
The  enzymatic process of attaching ubiquitin to substrates (called 
 ubiquitination or ubiquitin conjugation) depends on the action of 
three different classes of enzymes E1, E2 and E3. Initially, ubiq-
uitin is activated by E1 to form a ubiquitin-AMP intermediate. 
Activated ubiquitin (closed circles with straight tails) is passed 
on to E2 ( ubiquitin carrier enzymes). E2 transfers ubiquitin to an 
E3 (ubiquitin ligase) which ligates the activated ubiquitin to the 
substrate. A series of other ubiquitin molecules are attached to the 
substrate-linked ubiquitin and, thus, a polyubiquitin chain forms. 
The  substrates marked with polyubiquitin tags are degraded by a 
proteolytic complex called the 26S proteasome in an ATP-dependent 
reaction. Ubiquitin is not degraded, but the polyubiquitin chain 
is disassembled and ubiquitin is recycled by deubiquitinating 
enzymes (DUBs). Prior to being committed for degradation by the 
proteasome, ubiquitination is reversible. DUBs can disassemble the 
polyubiquitin chain and prevent the degradation of the substrate.

not been extensively investigated, one study showed that 
transfer of the first ubiquitin by a ligase is the rate-limiting 
step (8). Genes encoding just one E1, dozens of E2s and 
hundreds of E3s have been identified in the mammalian 
genome (9, 10).

Substrates can also be posttranslationally modified 
with a single ubiquitin (monoubiquitination), or a single 
ubiquitin attached to several different lysine residues 
(multi-monoubiquitination). In addition, the type of poly-
ubiquitin linkage determines how a substrate protein is 
degraded. Ubiquitin molecules covalently liked to each 
other through their 48th K residues mark a substrate 
protein for degradation by the proteasome, whereas ubiq-
uitin linkage via K11 leads to endoplasmic reticulum-medi-
ated substrate degradation (11) and linkage via K29 leads 
to endosomal substrate degradation (12). Monoubiquitina-
tion usually causes a conformational change within the 
protein and is not a signal for substrate degradation, but 
is associated with regulation of protein activity and pro-
tein-protein interactions (13). For example, a monoubiqui-
tin tag attached to histones is an epigenetic modification 
that changes the landscape of chromatin and alters gene 
transcription (14, 15). In addition, attachment of a single 
ubiquitin to different K residues of a substrate protein 
marks a protein for endocytosis (16). Polyubiquitination 
via unusual ubiquitin linkage has also been described to 
regulate signaling pathways and kinase activity; however, 
its role is not very well understood (17–19). The ubiquitina-
tion process can be reversed by deubiquitinating enzymes 
(DUBs) (Figure 1) (9, 20).

Structure of the proteasome
To appreciate the proteolytic and non-proteolytic roles of 
the proteasome in histone modifications, it is instructive 
to describe the structure of the proteasome in detail. The 
proteasome is a large complex, the parts of which perform 
different functions not only in proteolysis but also in other 
functions such as histone modification. Originally, com-
ponents of the proteasome were characterized by their 
sedimentation coefficient (21). The full complex is called 
the 26S proteasome and the catalytic core is termed the 
20S proteasome. The catalytic core is a narrow cylinder 
to the either end of which two 19S RCs are attached. In 
 eukaryotic cells, the 20S core is made up of two outer rings 
with seven α subunits (α1–α7) in each ring and two inner 
rings comprising seven β subunits (β1–β7). Three of the 
seven β subunits (β1, β2 and β5) are responsible for the 
catalytic activity of the proteasome. The catalytic sites 
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in these β subunits are located at their N-termini and 
are positioned inside the catalytic chamber, which has a 
narrow opening of 13Ǻ in diameter (22). Therefore, only 
an unfolded substrate can pass through this opening. It 
is thought that the ATPases that are present in the base of 
the 19S RC provide the unfolding activity (23).

There are six ATPase subunits in the 19S RC, named 
regulatory particle ATPase 1–6 (Rpt1–6), which are col-
lectively called the ATPases independent of 20S (APIS) 
complex. The 19S RC also contains four non-ATPase subu-
nits regulatory particle non-ATPases 1, 2, 10 and 13 (Rpn1, 
Rpn2, Rpn10 and Rpn13). In addition, the 19S RC has a ‘lid’ 
which consists of only non-ATPase subunits (Rpn3, Rpn5, 
Rpn6–9, Rpn11, Rpn12, and Rpn15) (24, 25). Among the 
Rpn subunits, Rpn11 (also called Poh1) and Rpn13 (also 
called Uch37) are DUBs that are an integral part of the 
19S RC. Rpn11 and Rpn13 assist in deubiquitination of the 
substrate as it is unfolded and threaded into the catalytic 
chamber of the 20S core. One DUB called Usp14 is known 
to stimulate substrate degradation through deubiquitina-
tion by reversibly associating with the Rpn1 subunit in the 
base (23, 26) and is known to be a critical regulator of long-
term memory formation (27).

The 20S proteasome can exist without the 19RC attach-
ment, in which case it cannot degrade ubiquitinated 
proteins (28). The 20S proteasome by itself possesses chy-
motrypsin-like, trypsin-like and postglutamyl peptidase 
activities that cleave after hydrophobic, basic, and acidic 
residues, respectively (25). The 19S RC recognizes the poly-
ubiquitinated substrate, and its ATPases channel the sub-
strate into the catalytic 20S core of the proteasome. The 
catalytic core then cleaves the ubiquitinated protein into 
small peptides. The peptides thus generated are likely to 
be later hydrolyzed to generate free amino acids by other 
proteases and amino peptidases (24, 25). The studies 
carried out so far indicate that the proteolytic activity of 
the 26S proteasome and the non-proteolytic activity of the 
19S RC both have a role in histone modifications, as will 
be discussed later.

Histone posttranslational 
 modifications (PTMs) and 
transcription
How do cells containing identical genetic makeup express 
different sets of genes and differentiate into various cell 
types with distinct structures and functions? In the past 
few decades, it has become clear that heritable genetic 

information is not limited to the DNA sequence and that 
other processes, which alter the structure of DNA-protein 
complexes (or chromatin), are crucial in guiding gene 
expression (29–31). Such dynamic chromatin altera-
tions that determine the spatial and temporal sequence 
of gene expression in response to environmental factors 
are referred to as epigenetic modifications. Epigenetic 
mechanisms include PTMs of N-terminal tails of histone 
proteins, DNA methylation at cytosine residues, and 
noncoding RNAs, which collectively remodel chromatin 
and regulate gene expression. This review will focus on 
histone PTMs to examine their relationship with the pro-
teasome and the UPP.

Histone proteins can be divided into two groups: 
replication-dependent (or canonical) and replication-
independent (or variant histones) (32). Canonical histone 
proteins are encoded by a family of replication-depend-
ent genes expressed rapidly during the S phase of the 
cell cycle. The genes that encode canonical histones are 
arranged in long clusters containing multiple copies 
of core histones (H2A, H2B, H3 and H4) and the linker 
histone H1. Replication-dependent histone mRNAs are 
the only known mRNAs in eukaryotes that lack a 3′ pol-
yadenylated tail (33). Instead, they end in a 3′ stem-loop 
sequence that plays an important part in their regulation. 
On the other hand, replication-independent histone genes 
are expressed throughout the cell cycle and are polyade-
nylated. Some of the most commonly studied histone vari-
ants include the H3.3 and the H2A.Z, which are known to 
mark actively remodeled chromatin regions (34, 35).

In eukaryotic cells, DNA wraps around octamers 
of histones to form DNA-protein structural units called 
nucleosomes. Each nucleosome is composed of 147 bp of 
DNA wrapped around two molecules of each core histone 
(H2A, H2B, H3 and H4) with linker H1 histones occurring 
in between the nucleosomes (29). The tight packaging 
allows for space conservation needed to accommodate 
millions of base pairs of DNA into a small space of the 
nucleus. This tight packaging, however, restricts the 
accessibility of DNA by transcriptional machinery and 
serves as an additional regulatory step in the transcrip-
tion process (29, 36–38).

The double-stranded DNA can assume two folding 
states based on how closely it is associated with histone-
packaging proteins. In a heterochromatic state, strong 
DNA-protein interactions lead to tightly coiled chroma-
tin that is transcriptionally inactive (Figure 2). When the 
DNA assumes its euchromatic state, the chemical interac-
tions between DNA and proteins are weakened, producing 
loosely coiled chromatin that is transcriptionally active 
(Figure 2). These different packaging states depend largely 
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on PTMs of histone N-terminal tails that protrude from the 
nucleosomes. Covalent PTMs of histone tails induce con-
formational changes within the chromatin, allowing it to 
adopt condensed or relaxed states that inhibit or stimu-
late transcription, respectively (29, 36, 39, 40) (Figure 2).

Most commonly studied histone PTMs are acetylation 
and methylation, both of which have been implicated in 
memory (41–43). During histone acetylation, an acetyl 
group from an acetyl-CoA molecule is transferred to a K 
residue within the histone tails. This transfer neutralizes a 
positively charged histone protein and weakens its affinity 
for the negatively charged DNA, promoting euchromatin 
formation (44). Histone acetyltransferase (HAT) enzymes 
catalyze histone acetylation and stimulate transcription, 
while histone deacetylase (HDAC) enzymes remove the 
acetyl groups from histone tails and repress transcription 
(44). Histone methylation occurs on both K and arginine 
(R) side-chain groups of H3 and H4 histone tails. Histone 
methylation is catalyzed by histone methyltransferase 
(HMT) enzymes and their removal is facilitated by histone 

Figure 2: Histone modifications that regulate transcription.
Top: In the open ‘euchromatin’ state, histone H2B is ubiquitinated, 
histone H3 is acetylated and tri-methylated on lysine 4. These modi-
fications allow the transcription machinery to bind to the chromatin 
and genes are transcribed. Bottom: In the closed ‘heterchromatin’ 
state, histone H2A is ubiquitinated and histone H3 is dimethylated 
on lysine 9. DNA is methylated at cytosine residues. These modifica-
tions prevent the transcription machinery from binding the chroma-
tin and transcription of genes does not occur. E1/E2/E3s: Enzymes 
that ubiquitinate H2B or H2A; HATs, histone acetyltransferases; 
HMTs, histone methyltransferases; DNMTs, DNA methyltransferases; 
HDACs, histone deacetylases.

demethylase (HDM) enzymes (37, 45, 46). K residues can 
be mono, di, and trimethylated whereas R residues can be 
mono and dimethylated. Depending on the methylation 
site and the number of methyl groups transferred, histone 
methylation can repress or stimulate transcription. For 
example, transcriptionally silent genes contain di and tri-
methylated histone H3 at lysine 9 (H3K9) whereas actively 
transcribed genes contain di and trimethylated histone H3 
at lysine 4 (H3K4) (45, 47–49). On the other hand, R meth-
ylation serves for transcriptional activation only (36). A 
wide variety of HDMs, specific to certain methylation sites 
and numbers of methyl groups, have been identified (45).

During histone methylation, a methyl group is trans-
ferred from a high-energy donor, S-adenosyl methionine. 
Unlike histone acetylation, this transfer does not neutral-
ize a positive charge on the histone protein and, there-
fore, does not necessarily cause direct conformational 
changes within nucleosomes. It is hypothesized that 
histone methylation can cause chromatin modifications 
through binding of effector proteins (36). A particular 
histone methylation code could serve as a binding surface 
for effector proteins that recruit other transcription co-
factors to regulate transcription (36). For example, studies 
in yeast have demonstrated that methylation of H3K4 
recruits the SAGA protein complex that possesses acetyl-
transferase enzymes. Therefore, methylation of H3K4 pro-
motes histone acetylation and specific gene transcription 
(36, 50).

In addition to acetylation and methylation, less well-
characterized PTMs of histones include phosphorylation 
and monoubiquitination. Histone phosphorylation occurs 
at serine and threonine residues and has been observed 
in numerous cellular processes such as transcription, 
mitosis, DNA repair and apoptosis (36, 37, 51). Histone 
phosphorylation facilitates both condensation and relax-
ation of chromatin; therefore, it can repress or induce 
transcription depending on the cellular context. One 
well-characterized histone phosphorylation event occurs 
on histone H3 at serine residues 10 and 28 (37, 52). This 
histone phosphorylation has been correlated to the acti-
vation of protein S6 kinase 2 (RSK2), extracellular signal-
ing-regulated kinase (ERK) and mitogen-activated protein 
kinase 1 (MAPK1) signaling pathways in hippocampal-
dependent memory (36, 37, 51, 53).

During histone monoubiquitination, one ubiqui-
tin molecule is attached to the ε-amino group of a K 
residue. Histone monoubiquitination occurs at histones 
H2A, H2B and H3 (13, 36, 37). The addition of a large 
and bulky moiety, such as ubiquitin, to histone proteins 
leads to radical structural changes within the chromatin 
and, depending on the monoubiquitination site, recruits 
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different co-factors to facilitate up or downregulation 
of transcription. For example, monoubiquitination of 
histone H2A is associated with silenced gene expres-
sion (54), while monoubiquitination of histone H2B may 
recruit transcriptional co-activators and promote histone 
acetylation, methylation and gene transcription (55, 56).

Interestingly, transcription of replication-depend-
ent histones themselves is also regulated by epigenetic 
histone modification. For instance, in yeast, H2B phos-
phorylation at tyrosine 37 occurs in a region of chromatin 
upstream of the histone gene cluster called Hist1 (or HIST1 
in mammalian cells) and serves to inhibit transcription 
of multiple histone genes during the late S phase (57). In 
Drosophila, a molecular switch, called histone gene-spe-
cific epigenetic repressor in late S phase (HERS), binds 
to histone regulatory elements and blocks transcription 
of histone genes by inducing H3K9 methylation (58). In 
human mammary epithelial cells, a histone modifying 
enzyme, Pygopus 2, binds to promoters of histone genes 
and upregulates the acetylation of H3K56, previously 
associated with transcriptional activation (59). Moreover, 
the enzyme Set8, known to monomethylate H4K20 and 
repress histone gene expression during the late S phase 
of the cell cycle, is ubiquitinated and degraded by the 
proteasome, indicating the importance of the UPP in the 
regulation of histone gene expression and cell cycle regu-
lation (60).

Many transcription factors and co-factors such as 
HATs, HDACs and HMTs are ubiquitinated and degraded 
by the proteasome (61). Moreover, histone proteins as well 
as their variants have been identified as targets of the UPP 
in different cellular contexts, ranging from DNA damage 
repair (62) to synaptic plasticity (34). Detailed investi-
gations of the mechanisms behind how key regulatory 
proteins are targeted for proteasomal degradation in the 
nucleus to regulate transcription are still lacking. In addi-
tion to protein degradation, some studies suggest an alter-
native, non-proteolytic role of the UPP in the regulation of 
chromatin folding and transcription (56). In this review, 
we discuss key studies across different fields and model 
systems that describe a strong relationship between the 
UPP and histone modifications, specifically focusing on 
the nervous system.

Histone degradation by the 
proteasome
Several studies demonstrate that histone proteins them-
selves can be degraded by the proteasome, although the 

underlying mechanisms of this process are still unclear 
(63). In vitro analysis of histone H3 degradation by the 
UPP indicates that it may be independent of polyubiqui-
tin chain formation or even E3 activity (64). Other in vitro 
studies report ATP- and ubiquitin-independent proteaso-
mal degradation of histones, damaged by oxidative stress 
that occurs during antitumor chemotherapy (65). In K562 
human hematopoietic cells, a nuclear proteasome-activat-
ing pathway that specifically targets oxidatively damaged 
histones has been identified (65, 66).

Later studies confirmed the ATP- and polyubiquitina-
tion-independent degradation of histones by the proteas-
ome and identified that histone degradation is dependent 
upon histone acetylation (67). This mechanism was found 
to be important for DNA repair mechanisms in developing 
sperm (67). Qian and colleagues showed that the special 
type of proteasomes, containing the PA200 activating 
complex bound to the 20S particle that are predominant 
in sperm and, therefore, termed ‘spermatoproteasomes’, 
are inefficient at degrading polyubiquitinated proteins. 
PA200 binds acetylated core histone proteins and targets 
them for degradation by the proteasome. This process is 
promoted by DNA double-stranded breaks induced by 
γ-irradiation in yeast (67).

In addition to the PA200-dependent proteasomal 
degradation of histone proteins, some studies also 
describe polyubiquitination-dependent histone deg-
radation by the UPP. Some argue that in order for new 
histone incorporation to be possible, old evicted histones 
must be degraded (63); however, the mechanistic details 
of that process are still poorly understood. Studies in 
the budding yeast, Saccharomyces cerevisiae, show the 
importance of tight regulation of excess histones by the 
UPP. In their yeast model, Singh and colleagues dem-
onstrated that non-chromatin bound histones undergo 
phosphorylation, polyubiquitination and proteasome-
dependent degradation (68). In addition, they identified 
specific E2s (Ubc4 and Ubc5) as well as E3s (Tom1, Pep5, 
Snt2, Hel1 and Hel2) associated with the ubiquitination 
of excess histones (68, 69). These studies highlight the 
importance of clearing excess histone proteins, as non-
chromatin-bound histones are known to interfere with 
cell viability and promote cytotoxicity (70). The corre-
sponding mechanism of histone clearing in the mamma-
lian cells is not yet apparent.

One recent study found that histone variant H3.3 
is polyubiquitinated and degraded by the proteasome 
in mouse embryonic neurons (34). In neurons and glial 
cells, the H3.3 variant has been found to rapidly accumu-
late with age, replacing most of the canonical H3 histone 
(34). H3.3 incorporation produced highly dynamic and 
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transcriptionally active chromatin in both humans and 
rodents (34). This histone turnover was identified to be 
essential for controlling cell type-specific gene expression 
as well as synaptic connectivity (71). In addition, efficient 
H3.3 incorporation and eviction from chromatin were 
dependent upon clearing of histones by the proteasome, 
as H3.3 turnover was significantly reduced by inhibition 
of the proteasome. Therefore, this suggests that active 
histone degradation regulates activity-dependent gene 
expression and may provide life-long synaptic and behav-
ioral plasticity (34).

Another histone variant, H2A.Z, has been identi-
fied as a target for UPP-dependent degradation and has 
been examined in clinically relevant work. Studies in rat 
cardiac myocytes and prostate cancer cell lines identified 
an upregulated level of H2A.Z variant in both diseases 
(62, 72). Both studies suggest that H2A.Z is a target of the 
UPP and that a class III HDAC, sirtuin 1 (Sirt1), promotes 
 deacetylation and subsequent degradation of H2A.Z in 
both disease models (62, 72). Such studies provide evi-
dence for the therapeutic potential of compounds, which 
enhance HDAC activity (such as resveratrol), in combina-
tion with other chromatin-remodeling compounds that 
increase H2A.Z degradation by the proteasome. Alterna-
tively, compounds aimed to upregulate proteasomal activ-
ity directly could be useful for the same purposes.

Recently, Zovkic and colleagues described an impor-
tant role of H2A.Z in relation to cognitive function (35). 
H2A.Z was identified as a negative regulator of memory 
consolidation in the hippocampus and cortex, by showing 
that it is evicted from transcriptionally active chromatin 
in response to fear conditioning, a widely used behavioral 
paradigm of learning and memory. Even though the pro-
teolytic degradation of the H2A.Z variant was not investi-
gated in this learning context, the authors did suggest that 
the reduction of the H2A.Z protein after fear conditioning 
might be mediated by the UPP (73), therefore implicating 
the role of the UPP in chromatin remodeling necessary for 
memory consolidation.

Proteasome-dependent degradation 
of epigenetic remodeling machinery
Histone acetylation is intricately linked to proteasomal 
degradation of proteins in regulating gene expression. 
The proteasome has been found to degrade key regula-
tory proteins required for histone acetylation, such as 
HATs (74, 75) and HDACs (76). For example, the transcrip-
tional co-activator with HAT activity, cyclic adenosine 

monophosphate (cAMP) response element-binding 
(CREB) binding protein (CBP), that is essential for cell pro-
liferation and embryonic development is a known target 
for UPP- mediated degradation in specialized nuclear 
compartments, called the promyelocytic leukemia (PML) 
bodies (74, 75, 77). Moreover, CBP’s homolog p300 dis-
plays nucleo-cytoplasmic shuttling and has been identi-
fied as a target of the UPP both in the cytoplasm and the 
nucleus, allowing for even more stringent regulation of 
its activity by the proteasome (78).

Emerging studies, describing many transcriptional 
co-factors that are targets of the UPP, are rapidly accu-
mulating. Among such chromatin remodeling proteins 
that associate with HATs are mortality factor on human 
chromosome 4 (MORF4), a cellular senescence factor that 
regulates cell division (79, 80) and p300/CBP-associated 
factor (PCAF), a protein important for the transcriptional 
regulation of p53 and many other genes (77). Further 
investigation of the UPP-targeted transcriptional activat-
ing complexes will help decipher the mechanisms by 
which the proteasome regulates transcriptional activation 
in many cellular processes.

The UPP plays an equally important role in regulat-
ing transcriptional-silencing enzymes, such as HDACs 
and HMTs. One of the most fascinating examples of how 
the proteasome regulates histone deacetylation and 
gene expression is found in the immune system, as some 
viruses manipulate gene expression of the host through 
proteasomal degradation of HDACs. A recent study found 
that an HIV-1 accessory protein, Vpr, physically inter-
acts with the class I HDACs, HDAC1, 2, 3 and 8, to direct 
them for proteasome-dependent degradation (76). This 
removal of HDACs facilitates histone hyperacetylation 
at the HIV-1 promoter and drives infection in primary 
 macrophages (76).

Additional indirect evidence for the function of 
UPP-mediated proteolysis of transcriptional-silencing 
complexes has been obtained by the use of an HDAC 
inhibitor, valproic acid (VPA). Over the past three 
decades, VPA has been used for treatments of seizures 
(74), some cancers (81) and, more recently, has been 
described as a potent memory enhancer (82). VPA inhib-
its HDAC activity by either direct binding or by the stimu-
lation of HDAC degradation by the UPP. Interestingly, the 
facilitation of UPP to degrade HDACs has been described 
as a selective process, specifically affecting HDAC2, but 
not other class I HDACs, suggesting a possible utility for 
targeted application of this drug (83). Moreover, HDAC2 
has been shown to be subject to NEDD8 conjugation, or 
NEDDylation, which is a prerequisite for its degradation 
by the UPP (84). NEDDylation-activating enzymes have 
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been proposed as novel therapeutic targets for upregu-
lating proteasomal activity (84).

Transcriptional-silencing histone mono and dime-
thyl transferases, such as G9a and GLPs, are targeted for 
proteasome-mediated degradation in response to DNA 
damage in human fibroblasts (85). A role for the protea-
some has also been found in degrading HDMs associated 
with heterochromatin, such as JARD1C (86). Degradation 
of polyubiquitinated JARD1C/SMCX by the proteasome 
promotes H3K4 trimethylation and gene expression. The 
earlier studies were carried out in yeast and the observa-
tions on the UPP-mediated degradation of Jhd2 (the yeast 
counterpart of JARD1C) such as the requirement for the 
ligase Not4 hold true for human cells as well (86). Muta-
tions in the human SMCX gene are linked to mental retar-
dation (87–89) and therefore it is likely that the regulation 
of HDMs by the UPP plays a significant physiological role 
in the nervous system.

It seems counterintuitive that the UPP is responsible 
for the degradation of transcription-silencing histone 
modifiers, such as HDACs, HMTs and HDMs, as well as 
proteolysis of transcription-promoting histone modifiers 
such as HATs. It is highly likely, therefore, that the cel-
lular context and signaling affects what molecules are to 
be degraded by the proteasome and, thus, determines the 
transcriptional outcome.

The 19S RC and histone 
modifications
The best described role of the 19S ATPases, outside 
of their function as a part of the proteasome, is in the 
transcriptional regulation of genes. Studies in yeast and 
cancer cells showed that ATPase subunits bind to pro-
moters of active genes and physically interact with chro-
matin-remodeling transcriptional machinery (87, 90–95). 
The 19S ATPases, Rpt4 and Rpt6, are known to regulate 
epigenetic histone PTMs and control gene expression 
(96). These studies led to the hypothesis that ATPase 
subunits facilitate transcription independently of the 
20S catalytic core. Other studies, however, found that 
both the 19S cap and the 20S core are recruited to active 
chromatin (97). The APIS complex and the 20S protea-
somal subunits bind at promoters and gene bodies, 
independently of one another (98). Also, the entire 26S 
proteasome has been shown to co-immunoprecipitate 
with RNA polymerase II, supporting both the proteolytic 
and the non-proteolytic roles of the proteasome in tran-
scriptional regulation (99).

The proteasome, histone 
 modifications and synaptic 
plasticity
Numerous studies across various model systems have 
yielded a wealth of information supporting the role of the 
UPP in the regulation of synaptic plasticity, learning and 
memory (25, 100–103). Our previous studies showed that 
the maintenance of murine hippocampal late phase of 
long-term potentiation (L-LTP), that underlies long-term 
memory, is blocked by a specific proteasome inhibitor 
β-lactone (4, 104). We showed that proteasome inhibition 
with β-lactone stabilizes translational activators early, 
followed by translational repressors later in L-LTP, illus-
trating the proteasome’s dual role in mediating signaling 
pathways in synaptic plasticity at the level of dendrites 
(104) (Figure  3). A recent study in cultured hippocam-
pal neurons showed that only 20% of the proteasomes 
are engaged in substrate processing at baseline, leaving 
ample room for activity-dependent increase in protein 
degradation, upon sufficient environmental stimulation 
(105). Taken together, these studies suggest an activity-
triggered system in which the proteasome regulates plas-
ticity-related proteins to produce an appropriate synaptic 
response within the hippocampal neurons after synaptic 
stimulation.

The proteasome also plays a critical role in mediat-
ing gene expression in synaptic plasticity. In the nucleus, 
proteasome inhibition blocks gene expression induced 
by CREB, a transcription factor that is crucial for long-
term synaptic plasticity and memory (106). Treatment 
of hippocampal slices with β-lactone prior to chemically 
induced LTP (cLTP) or electrically induced L-LTP with 
theta-burst protocol (TBP) blocks the upregulation of a 
CREB-inducible gene, brain-derived neurotrophic factor 
(Bdnf), necessary for the maintenance of L-LTP (4, 107). 
This observation was supported by the finding that a 
CREB repressor, activating transcription factor 4 (ATF4), 
is degraded by the proteasome during cLTP (4). Thus, 
proteasome inhibition causes a buildup of transcriptional 
repressors, such as ATF4, which blocks the upregulation 
of Bdnf and other plasticity-related genes, and blocks 
the maintenance of L-LTP (4). The connection between 
proteasome-dependent protein regulation in the den-
drites and the nucleus during synaptic plasticity remains 
uncharacterized. Future studies addressing proteasome-
mediated retrograde signaling in synaptic plasticity will 
perhaps provide some mechanistic details.

Furthermore, we identified a novel role of the pro-
teasome in modulating transcription-favoring epigenetic 
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histone modifications, which are known to control gene 
transcription in synaptic plasticity, learning and memory. 
Our study demonstrated that the trimethylation of histone 
3 at lysine 4 (H3K4me3), acetylation of histone H3 at 
lysines 9 and 14 (H3K9/14ac), and monoubiquitination 
of histone H2B at lysine 120 (H2BK120ub) are enhanced 
immediately after cLTP induction and their enhancement 
is blocked by β-lactone pretreatment (108) (Figure 3).

H3K4me3 and H3K9/14ac are transcription-favoring 
epigenetic tags that have been identified as critical regula-
tors of learning and memory in behavioral rodent models 
(46, 109–112); however, the mechanisms behind their 
addition and removal are still poorly understood. Our 
study illustrated the dynamic nature of these modifica-
tions, since both H3K4me3 and H3K9/14ac were upregu-
lated immediately after cLTP induction and returned back 
to baseline after 30 min of recovery. This histone remod-
eling time-course was surprisingly fast. Transient histone 
modifications have been studied in the timescale of hours 
or days after synaptic stimulation or behavioral training 
(113, 114). It is also known, however, that histone modi-
fications can occur much more rapidly, in the timescale 
of minutes (115–117). It has been previously hypothesized 
that lasting cellular changes in synaptic plasticity can be 
triggered by a transient histone modification signal (37). 
Previous results in Aplysia show that transient acetyla-
tion of histone H3 is critical during long-term synaptic 

plasticity (118). Therefore, transient spikes of proteasome-
dependent histone acetylation and methylation may be 
sufficient to trigger long-lasting upregulation of plasticity-
related genes.

Furthermore, we investigated the role of the tran-
scription-favoring H2BK120ub in synaptic plasticity. We 
demonstrated that H2BK120ub levels oscillate after the 
induction of cLTP, as an increase of monoubiquitina-
tion was observed immediately after cLTP induction and 
at 30  min after cLTP induction, but not at 15 min. This 
finding is consistent with previous studies of histone 
H2B monoubiquitination in yeast transcriptional regula-
tion, where multiple rounds of histone ubiquitination and 
deubiquitination are required for transcription initiation 
and elongation, respectively (119–121). Histone H2B mon-
oubiquitination has also been described as a precursor for 
other histone modifications (55, 95). If H2BK120ub is the 
first link in a chain of events that precede the initiation of 
transcription in synaptic plasticity, manipulating histone 
monoubiquitination at promoters of active genes may 
serve as a therapeutic target for memory impairments.

Collectively, these studies are in agreement with the 
idea that a combination of all epigenetic tags at promot-
ers of genes, brought upon by environmental stimulation, 
control gene expression and modify behavior (109, 122). 
In the hippocampus, the regulation of chromatin struc-
ture through PTMs of histones may represent a ‘molecular 

Figure 3: Histone-modifying roles of the proteasome in synaptic plasticity.
In the nucleus, when the proteasome is active (depicted at the top), proteasome facilitates histone acetylation, methylation and ubiquitina-
tion. When the proteasome is inactive (depicted with an X mark at the bottom), histone modifications are blocked. The proteasome might 
also have an indirect effect on histone modification through the regulation of protein degradation in or near dendrites (broken circles), 
which in turn is expected to affect retrograde signaling to the nucleus. When the proteasome is inactive and the substrates are stabilized 
(solid circles), retrograde signaling to the nucleus may not occur.
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code’ for long-term memory (37). This flexible ‘molecular 
code’ may mediate long-term physiological and behavio-
ral changes by controlling the transcription of genes (37). 
In our work, we observed the dynamic nature of global 
histone modifications in cLTP, which suggests that the 
role of histone modifications in synaptic plasticity may 
be more complex than previously thought. It appears 
that the proteasome (and the UPP) has a role in regulat-
ing the process of histone modifications in synaptic plas-
ticity underlying memory. Many key questions regarding 
the exact nature of the proteasome’s role remain to be 
answered.

Numerous lines of evidence support the importance of 
both protein degradation by the proteasome and histone 
modifications in behavioral learning and memory models. 
Proteasome inhibition in the hippocampus and the amyg-
dala is associated with an impaired consolidation of an 
inhibitory avoidance memory and long-term fear memory, 
respectively (6, 7). In addition, retrieval of either an audi-
tory or a contextual fear memory results in an increase 
of the degradation-specific protein polyubiquitination in 
the amygdala (7). Epigenetic histone modifications, such 
as acetylation and methylation, are likely to be part of 
the molecular mechanisms necessary for persistent gene 
expression to support long-term memory formation and 
promote memory storage (109, 123, 124). Studies delineat-
ing how the two critical systems – the UPP and histone 
modification – may interact to drive memory formation in 
vivo are still lacking.

Future directions
In the past several years, parallel lines of research have 
found evidence for the roles of the UPP and histone modi-
fications in synaptic plasticity and memory. It is only 
recently that the investigations on the UPP and epigenet-
ics have begun to intersect. The main challenge for the 
future is to elucidate the mechanistic details on how dif-
ferent components of the UPP, the ubiquitin conjugating 
enzymes and the proteasome regulate histone modifica-
tion. Given that the UPP can control both transcription-
favoring and transcription-repressing types of histone 
modifications, it would be important to investigate the 
signaling pathways in neurons that control these oppos-
ing effects. There is also a necessity to understand the 
dynamic nature of some of the histone modifications 
(such as H2BK120ub) and how they relate to gene expres-
sion underlying synaptic plasticity and memory. Temporal 
regulation of histone PTMs is beginning to be understood 

in non-neuronal systems (125) and the same kind of in-
depth analysis would be beneficial for understanding the 
physiological functions of the nervous system, including 
synaptic plasticity and memory.

Conclusion
In this review, we provided a brief summary on the current 
knowledge connecting two seemingly unrelated cellular 
processes, the UPP and epigenetic histone modifications, 
in multiple cell types and model systems. We discussed 
studies describing proteolytic degradation of canoni-
cal histones as well as their variants. We also described 
studies on proteolytic degradation of histone-remodeling 
machinery, such as HATs, HDACs, HMTs and HDMs, as 
well as transcriptional co-factors that form complexes 
with epigenetic remodeling enzymes. Although not very 
well described in the literature, we attempted to summa-
rize the current knowledge of non-proteolytic roles of the 
proteasomal APIS complex in modulating transcription 
from yeast studies. Finally, we provided a perspective on 
proteasomal regulation of histone modifications in the 
nervous system by discussing studies on synaptic plastic-
ity, learning and memory. As the relatively new and still 
developing field of neuroepigenetics continues to grow, 
we look forward to exciting future studies that incorporate 
the roles of the proteasome in modulating synaptic plas-
ticity by regulating epigenetic modifications.
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List of abbreviations
ATF4 Activating transcription factor 4
ATP adenosine triphosphate
APIS ATPases independent of 20S
Bndf Brain-derived neurotrophic factor
cAMP cyclic adenosine monophosphate
CREB cAMP response element-binding
cLTP chemically induced long-term potentiation
CBP CREB binding protein
DUB deubiquitinating enzyme
E1 ubiquitine activating enzyme
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E2 ubiqutine carrier enzyme
E3 ubiquitine ligase enzyme
HAT histone acetyltransferase
HDAC histone deacetylase
HDM histone demethylase
H2BK120ub histone H2B monoubiquitinated at lysine 120
H3K9/14ac histone H3 acetylated at lysine 9 and 14
HMT histone methyltransferase
K lysine
L-LTP late phase of long-term potentiation
PTM posttranslational modification
R arginine
RC regulatory cap
Rpt regulatory particle ATPase
Rpn regulatory particle non-ATPase
TBP theta-burst protocol
H3K4me3 trimethylated histone H3 at lysine 4
UPP ubiquitin-proteasome pathway
VPA valproic acid
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