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ABSTRACT: Protein pS3 is degraded by the 26S proteasome, a protein < o
complex that breaks down cellular proteins. Degradation begins with activation of p°|yubiquitmhain
the protein ubiquitin (Ub) by the ubiquitin-activating E1 enzymes, ubiquitin- <o

conjugating E2 enzymes, and ubiquitin E3 ligases, linking Ub or the polyubiquitin Degradation nd
chain to pS3 and marking it for degradation by the 26S proteasome. E3 ubiquitin

P53 stabilization

ligases participate in this process and regulate pS3 stability. There are compounds % 5 DNA
that inhibit the 26S proteasome and interfere at the p53 level, and some of these 'e - repair
inhibitors are used to treat cancer and other diseases and can stabilize tumor apoptosis ¢ \SA
suppressor proteins through the pS3 pathway. This review discusses how the Growtn ~eneseence
ubiquitin—proteasome system, p53, and these compounds are related. peptide elease | g arrest
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1. UBIQUITIN-PROTEASOME SYSTEM to their catalytic domains: HECT, which has a cysteine active

site and forms an intermediate thioester bond with Ub,
transferring it to the substrate; RING, which has two
conserved residues, cysteine and histidine, that bind to Zn**
and which positions Ub and transfers it directly to the
substrate; and RING-between-RING (RBR), which uses the
two mechanisms mentioned above.’

Ub binding to the substrate can be mono- or polyubiquiti-
nated; in the latter case, lysine residues on different Ub are
linked to form the polyubiquitin chain. The Ct Gly 76 group of
the first Ub of the chain binds to the lysine residue of the
substrate to form an isopeptide bond.”

Ubiquitination is a reversible post-translational modification.
Some enzymes cleave Ub that are linked together or that are
linked to protein substrates. These enzymes are called
deubiquitinating enzymes (DUBs), and they maintain the
intracellular Ub “pool” by recycling Ub* (Figure 1).

The 26S proteasome is a macromolecular complex comprising
two particles: the regulatory particle (19S) and the catalytic
particle (20S), formed by multiple subunits. This complex
degrades 80% of the cellular proteins that participate in several
signaling pathways, cell cycle regulation, transcription,
apoptosis, si$nal transduction, stress response, and antigen
presentation.

The 198 particle recognizes ubiquitinated substrates through
some subunits (Rpnl, Rpnl0, and Rpnl3), processes them,
and sends them to the catalytic site for degradation.” This
particle consists of six ATPase subunits (Rptl—Rpt6) and 13
non-ATPase subunits (Rpn1—3, RpnS—Rpn13, and RpnlS$),
which form two subcomplexes: the “lid” and the “base”
proteasomes (Figure 1).2

The 20S particle is formed by a and f rings, aligned in a
sequence of al—a7 and 1—f7 rings. The f subunits are in the
center of the subcomplex, and the 1, 32, and 85 subunits have 2. p53 AND ITS DEGRADATION BY THE 265
catalytic activities, namely, caspase-like (CL), trypsin-like PROTEASOME
(TL), and chymotrypsin-like (CT-L) activities. The o subunits
are the entry “gate” for proteins that will be degraded, and
these subunits regulate substrate entry into the catalytic
chamber' (Figure 1).

Ubiquitin (Ub) is a protein formed by 76 amino acids. The
26S proteasome requires Ub-dependent post-translational
modification to recognize proteins marked for proteolysis;
this is called the ubiquitin—proteasome system (UPS). The
consecutive action of three types of enzymes—ubiquitin-
activating E1 enzymes, ubiquitin-conjugating E2 enzymes, and
ubiquitin E3 ligases—promotes Ub conjugation’ (Figure 1).
Ubiquitin E3 ligases are classified into three families, according

Stress-related alterations in cellular homeostasis activate
protein p53, which suppresses tumors that regulate apoptosis,
senescence, and cell cycle progression.” In 50% of cancers, cells
have mutations in the pS3 gene due to metabolic stress, so pS3
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Figure 1. UPS and deubiquitinating enzymes. (1) Ubiquitin (Ub)-activating E1 enzyme transfers ubiquitin to the ubiquitin-conjugating E2 enzyme,
which, together with ubiquitin E3 ligase, transfers Ub to the target protein, forming the polyubiquitinated substrate. (2) 19S Ub receptors (Rpnl,
Rpn10, and Rpn13) recognize PS deubiquitinating enzymes (Rpnl1, UCHLS, and USP14 deubiquitinate PS) and degrade it inside 20S, and the
B1, 2, and fS subunits perform the catalysis (blue). (3) Polyubiquitin chain is cleaved by the deubiquinating enzymes (DUBs), which keep the Ub
pool inside the cell. Six ATPase subunits (Rpt1—Rpt6) and non-ATPase subunits are in purple and red, respectively.

can no longer inhibit tumor cell growth;6 in other words, pS53
is not active anymore, so it cannot repress the transcription of
target tumoral genes.” Mutations in the p53 gene take place at
chromosome 17 and are frequent in cancer cells. Mutations in
the locus include somatic missense mutations in exons 5—S8,
somatic nonsense mutations, and absence of pS3 expression
due to alterations in epigenetic molecular mechanisms. In this
context, mutations in the pS3 gene in cancer cells cause
mutations and aberrations in the pS53 downstream effectors,
alter the pS3 activation pathways, and interfere with mouse
double-minute 2 (MDM2) expression.’

A total of 600 E3 ligases are known to date.” Some of these
E3 ligases interact with p53 and render it stable, while others
do not. E6AP was the first E3 ligase to be discovered to
interact with pS3. Together with protein HPV16E and under
certain physiological conditions in patients infected with high-
risk HPV, E6AP degrades pS53 with the aid of the 26S
proteasome.8

MDM2 or human double-minute 2 (HDM2), another
negative p53 regulator, was discovered® in normal cells and
induces cellular homeostasis. However, under cellular stress
caused by different conditions (alterations in metabolism and
cell cycle caused by diseases), there is an imbalance in cells.’
Depending on the MDM2 levels in the cell, pS3 can have
different post-translational modifications (PTM). At low
MDM2 levels, pS3 is monoubiquitinated and translocated
from the nucleus to the cytoplasm to induce the apoptotic
pathway.’

3837

High MDM2 levels are observed in various types of cancer,
including osteosarcoma and esophageal carcinoma. Such high
MDM?2 levels induce pS53 polyubiquitination and degradation,
inhibiting the p33 tumor suppressor activity.’

As mentioned above, pS3 stability is achieved through
interaction between pS53 and MDM2. pS3 turnover is regulated
mainly by MDM2. High p53 protein levels transcriptionally
activate the MDM2 gene through p53 interaction with the
pS3-responsive element located in the MDM2 intron gene.’
This raises MDM?2 levels, consequently polyubiquitinating
pS53. Next, pS3 is degraded by the 26S proteasome, and p53
levels decrease. In this way, pS3 levels remain in equilibrium in
normal cells. This negative feedback cycle is regulated mainly
by proteins MDM4, HAUSP/USP7, ARF, Pirh2, MSL, and
COP]; the latter three are E3 ligases.9

However, MDM?2 destabilization can also occur and
consequently promote pS3 stabilization.” An E3 RNF12 ligase
complexes with MDM2, which is degraded by 26S proteasome;
in this way, RNF12 stabilizes pS53 indirectly. On the contrary,
E3 ligase RNF31, discovered in experiments carried out with
breast cancer tissues, stabilizes MDM2, which was confirmed
by RNF31 depletion in mammalian cells (Figure 2).°

MDM2 forms complexes with other E4 ligases, interfering in
pS3 stability. MDM4 is an E4 ligase® that kinetically enhances
pS3 polyubiquitination by MDM2. MDM4 recognizes
monoubiquitinated p53 and interacts with an E2 ligase.” As
in the case of MDM2-knockout mice, MDM4-knockout mice
show embryogenic lethality, and MDM4 and MDM2 form a
complex during embryogenesis. The complex guides con-
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Figure 2. pS3 stability. Schematic representation of how MDM?2 levels in normal cells affect p53 stability and how interaction between MDM2 and

the E3 ligase RNF12 also stabilizes pS3.

jugation of multiple ubiquitin units in the lysine residue of the
substrate. Therefore, MDM4 assists the polyubiquitination
function exerted by MDM2 in pS3, inhibiting the pS$3-
mediated transcriptional transactivation.” Another function of
MDM4 is to prevent MDM?2 autoubiquitination. Together,
these processes negatively regulate pS3 activity.6 MDM4 is
overexpressed in tumors of the stomach, lung, breast, retina,
and colon.”

UBE4B is an E4 ligase that interacts with pS53, leading to pS3
polyubiquitination. In vivo studies have demonstrated that
UBE4B gene deletion causes embryo death.'’ In addition to
E3 ligases, subunit Rpn10, linked to the proteasome, increases
the ratio between poly- and monoubiquitinated pS3, increasing
the interaction between p353 and MDM2."

In contrast to MDM2, MSL2 ubiquitinates pS3 lysine
residues and does not degrade pS3; in fact, the MSL2
interaction with p53 increases pS3 levels in the cytoplasm. This
interaction exposes the p53 amino acid residues, translocating
pS3 from the nucleus to the cytoplasm, followed by MSL2
release by p53 (Figure 2).”

Proteins COP1 and Pirh2 inhibit pS3 independently of
MDM?2. Both proteins may lead to p53 breakdown by UPS.”
COP1 has significant functions as an oncogene under certain
conditions or as a tumor suppressor under others.” COP1
forms a complex with other proteins, degrades such proteins,7
and is essential for regulating DNA repair, cell proliferation,
and apoptosis. COP1 is regulated by its gene, with a promoter
controlled by pS3 levels in cells. COP1 is highly expressed in
adenocarcinomas and breast cancers’ and is present in the
nucleus and cytoplasm.’

In 2004, transfection and binding assays in U20S cells
(human female bone; source disease, bone osteosarcoma)
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indicated that pS3 is a COPI ligand. Subsequently, through
miR-944 assays in HCT116 cells (human colon carcinoma),
research groups showed that COP1 downregulation induces
pS3 activation and hence cell apoptosis. However, immuno-
histochemical analysis did not detect increased pS3 in COP1
—/— and COP1 hypo/+ embryos or COP1 hypo/hypo mice
because there is a counterbalance by increased c-JUN.”

COP1 is involved in diverse cancers: lymphoma, melanoma,
glioma, breast cancer, lung cancer, colorectal cancer,
hepatocellular carcinoma, leukemia, renal cell carcinoma, and
ovarian cancer. Because it is connected to post-translational
modifications by Ub in many proteins, namely, pS3, c-Jun
(proto-oncogene or transcription factor), E26 transformation-
specific (ETS), f-catenin, signal transducers and activators of
transcription 3 (STAT3), metastasis-associated protein
(MTAL), p27, and CCAAT/enhancer binding protein § (14-
3-3c C/EBPa), these are linked in many biochemistry
pathways.”

Studies have demonstrated that COP1 is highly expressed in
hepatocellular carcinoma (HCC). COP1 action in this cancer
was confirmed by silencing of HepG2 and Huh7 cancer cells’
COPI siRNA, causing apoptosis of these cells.”

Cells maintain p53 levels irrespective of MDM2 in different
ways. Other proteins, including Pirh2, also perform this role.”
This occurs through two pS3 binding sites, the N-terminal,
which interacts with the DNA-binding domain, and the C-
terminal, which binds to a tetramerization domain, specific to
the p53 tetrameric form.” Another function of Pirh2 is to
interact with p53 tetramers, to inhibit pS3 activity through
transcriptional control; nevertheless, Pirh2 has little or no in
vitro activity toward monomeric or dimeric p53.”

https://doi.org/10.1021/acsomega.1c04726
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When calmodulin-dependent kinase II (CaMK II) phos-
phorylates Pirh2, the latter loses its stability. Consequently,
pS3 ubiquitination is reduced. Pirh2 inactivation takes place
during the cell cycle in the G2/M phase transition, but Pirh2
activity increases in the G1/S phase transition,” raising pS3
levels.

Five Pirh2 isoforms exist, but only Pirh2A acts as a RING E3
ligase to ubiquitinate pS3 in a negative feedback loop and to
activate PirhA expression. Pirh2A functions as an oncogene,
but in some cancers, it acts as a tumor suppressor, as shown by
studies in which Pirh2A downregulation worsens cancer
patients’ clinical conditions.®

P53 acts in cell senescence, that is, when the cell has no
more proliferative capacity. p38 mitogen-activated protein
kinases (p38MAPK) are critical for senescence-associated
secretory phenotypes (SASP), involved with secretion of
several growth factors that lead to tissue repair. p53 suppresses
P38MAPK, so it has antagonistic effects on senescence.

However, pS3 is downregulated at a later senescence stage.
The E3 ligase SCF (SKP1-CULI1-F-box) (SCF*®©2?) forms a
complex with the lysine demethylase enzyme KDM4A, which
is highly expressed in senescence. This complex induces
protein pl6, also known as cyclin-dependent kinase inhibitor
2A, maintaining the cell cycle arrest irreversibility. Moreover,
this complex promotes methylated p53 degradation by the 26S
proteasome through pS3 polyubiquitination at Lys 48 in the C-
terminal domain (CTD)."'

Experiments using cells exposed to shRNA Fbxo22 have
shown significantly increased levels of p33 and p21, also
known as cyclin-dependent kinase inhibitor 1, but further
Fbxo022 addition decreases p21 and p53 levels. Recent studies
have shown that protein PHD finger protein 20 (PHEF20)
binds to dimethylated p53, stabilizing and activating it. When
Fbxo22 is depleted from RPE cells, interaction between Flag-
PHF22 and p53 increases. The same occurred in experiments
involving a mutation in the amino acids in the KDM4A
TUDOR domain. Together with the use of a classic 20S
proteasome inhibitor (MG132), studies have shown that p53
binds to and is degraded by this complex."'

Other E3 ligases include carboxy-terminus of Hsc70
interacting protein (CHIP), ARF-binding protein 1 (ARF-
BP1), Ring Finger Protein 1 (RING1), and F-box/WD repeat-
containing protein 7 (F-box protein). All of them participate in
pS3 degradation by the 26S proteasome.

CHIP is a cochaperone E3 ligase with three essential
domains; two interact with the heat shock enzymes Hsp70/90
and the C-terminal U-box domain (E3 ligase) that links to E2
ligase from the Ubc4/5 family, ubiquitinates p53, and degrades
it."” Studies have shown that CHIP regulates p33 through
three processes. The first involves ubiquitin, preferably when
pS53 is bound to HSP70/Hsc70; heat shock protein HSP 90
(Hsp90-beta) inhibits this pathway. This process is linked to
abnormal cell physiological conditions or stress. For the second
process, in addition to modifying p53 via ubiquitin, CHIP
interferes with pS3 phosphorylation through pS3 interaction
with the Daxx protein.'” This blocks phosphorylation at Ser46,
which is necessary to maintain the pS3 apoptotic activity. The
protein involved in inhibiting this process is not yet known. In
the third process, CHIP interacts with Mortalin and affects its
interaction with ubiquitinated pS3, thereby increasing pS3
degradation by the proteasome. Protein UBXN2A inhibits this
process linked to cancer cells."”
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Depending on the tissue where ARF-BP1 is found, it can
either lead to pS3 degradation or exert an antagonistic function
by inhibiting MDM?2, so it is tissue-specific.”® ARF-BP1 is
involved with other substrates such as Myc proto-oncogene,
BCL2 prosurvival, and induced myeloid leukemia cell differ-
entiation protein Mcl-1. As previously mentioned, some
substrates of this E3 ligase are tumor suppressors, whereas
others are involved in cell survival and are highly expressed in
lung, prostate, and breast cancers.’

By using a two-hybrid yeast system, Zhang and collaborators
discovered an interaction between ARF-BP1 and MDM?2.
These researchers cotransformed a vector (human ARF cDNA
fragment fused to the yeast Gal4 DNA binding domain) into
HF7c yeast cells with a ¢cDNA library of two human HeLa
hybrids. Subsequently, they sequenced the positive plasmids
and suggested that the two proteins interact, as later confirmed
in a cell-free system. This research team showed that ARF,
MDM2, and pS3 form a ternary complex discovered by
immunoprecipitation assay in HeLa cells, transfected with
plasmids that express these three proteins. Western blot
revealed that pS3 and ARF interact in cells that do not express
MDM?2, while there is no interaction between the two proteins
in the presence of MDM2."

Ring finger protein 1 (RING1) is part of the transcriptional
repression complex 1 (PRC1), and FBW7aq is part of the SCF
complex, as well as other E3 ligases; these proteins destabilize
p53. Two processes are known—RINGI is overexpressed in
hepatocellular carcinoma tissues, and FBW7a is frequently
mutated in cancer and regulates several tumorigenic substrates
(notch, c-Jun, c-Myc, and G1/S-specific cyclin-E1 cyclin E).°

Transcriptional repressor E4F1 (which is part of the
polycomb repressive complex 1) influences various metabolic
pathways and mitochondrial functions. For example, E4F1
activates pS3 in a dependent manner during the pS3-
dependent cell cycle arrest. Also, E4F1 activates pS3 during
cell cycle arrest in lysine residues other than MDM2,
preventing pS3 degradation. Research into E4F1 mutant
mice has shown embryogenic death due to mitotic and
apoptotic cell defects. Mice with skin and epidermis exposed to
hydroxy-tamoxifen present E4Fle inactivation and exhibit
hyperplasia and hyperkeratosis with skin lesions.”

2.1. Tripartite-Motif-Containing Protein Family. The
tripartite-motif-containing proteins (TRIM) family, which
contains an N-terminal RING, is the main family regulating
p53 and is essential for many functions: metabolism, immunity
autophagy, and tumorigenesis.®

TRIM2S is an oncogene that is overexpressed in breast and
ovarian cancers that regulates p53, and its mechanism has been
elucidated recently. Western blot of cells exposed to f-estradiol
shows elevated p53 and MDM2 levels in a codependent
manner, which does not occur when cells are transfected with
TRIM2S siRNA. Although TRIM2S increases the pS3 level,
the p53 transcriptional and DNA damage response activities
are inhibited."*

pS3 acetylation increases in HCT116 cells transfected with
small interfering TRIM25 RNAs and in TRIM2S —/— mouse
embryos. Consequently, the p53 apoptotic activity increases
and so does gene transcription. Unlike MDM2, TRIM2S
prevents pS3 degradation. This occurs through TRIM2S
linking to the pS3/MDM2 complex, which interferes in the
association of p300 (histone acetyltransferase) and MDM2 and
thus prevents polyubiquitination.'*

https://doi.org/10.1021/acsomega.1c04726
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Figure 3. Inhibition of 26S proteasome. Inhibition of the proteasome causes various cellular changes, such as stress in the endoplasmic reticulum,
mitochondrial injury, activation of c-Jun N-terminal kinases (JNK), accumulation of polyubiquitinated proteins, pS3 stabilization, and apoptosis.

This reduces endogenous p21 which, together with p53,
interrupts the cell cycle in response to DNA damage.
Decreased TRIM2S expression raises the levels of both p21
and protein BAX. BAX binds to the mitochondrial membrane,
releasing cytochrome c¢ and activating caspases. When TRIM25
expression decreases, caspase-3 is activated, PARP is cleaved,
and cancer cells die (HCTT116)."*

Experiments with tandem affinity purification-tagged pS3
have shown that TRIM24, an E3 ligase, interacts with'® and
phosphorylates p53, leading to pS3 degradation by the
proteasome and hence inhibiting pS3 activity. The first tests
using TRIM24 RNAi and Sperformed on Drosophila showed
that TRIM24 inhibits pS3,”” which was confirmed in TRIM24
KO (knockout) mice and by the fact that TRIM24 mice tend
to develop hepatocellular carcinomas.’ Later trials on
Drosophila indicated that TRIM24 has MDM2-independent
activity given that Drosophila lacks the gene encoding this
protein."’ Research conducted in patient tissues showed that
high TRIM24 levels are a poor prognosis in patients with
breast and other cancers.’

Some TRIM proteins (TRIM13 and TRIM19) stabilize pS3
because they interact with MDM2 and lead to MDM2
degradation by the 26S proteasome. Little is known about
TRIM13 and TRIM19, but TRIM19 forms a complex with
protein L11 (nucleolar protein) and acts on the nucleus.'”"”

TRIM28 silencing in mammalian cells increases p53 activity
and the competition between TRIM28 with ARF proteins to
bind to MDM2, which reduces formation of the MDM2—
TRIM28 dimer. Several types of cancer express high levels of
this TRIM protein, and TRIM28 KO mice have embryonic
lethality, which is consistent with results indicating that high
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TRIM28 levels worsen the survival of patients with
cancer.”'*"?

TRIMG69 ubiquitinates and regulates p53 in human epithelial
cells in response to ultraviolet B irradiation, a risk factor for
cataract development. In TRIM69 KO mice, TRIM69 has
protective effects on the mouse hippocampus after con-
sumption of a high-fat diet, inhibiting apoptosis and
inflammation.’

On the other hand, TRIM71 ubiquitinates pS3 during stem
cell development and neurogenesis. TRIM71 KO mice suffer
embryogenic lethality due to neural tube development
problems. In ovarian cancer, TRM71 binds to a p53 mutant
and inhibits the mutant’s pS3 target gene activation,
suppressing the growth of ovarian cancer in mouse xenograft
models.®

3. SPECIFIC 26S PROTEASOME INHIBITORS AND
THEIR INVOLVEMENT WITH THE TUMOR
SUPPRESSOR p53

Studies on the 26S proteasome focus on compounds that act in
this complex and can be used to treat diseases, such as
cancer.'® These compounds are called proteasomal inhibitors
(PIs), act on 20S or 19S, and interfere with protein pS3. One
of these compounds is bortezomib, which is part of the first
generation of PIs approved by the Food and Drug
Administration (FDA) in 2003 to treat lymphomas and
multiple myelomas (MM). Compounds like ixazomib,
approved by the FDA in 2015, and carfilzomib, approved by
the FDA in 2012, are part of the second generation of PIs.'

https://doi.org/10.1021/acsomega.1c04726
ACS Omega 2022, 7, 3836—3843


https://pubs.acs.org/doi/10.1021/acsomega.1c04726?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04726?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04726?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04726?fig=fig3&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c04726?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

PIs cause cellular effects including accumulation of
polyubiquitinated proteins and protein aggregates that
promote stress in the endoplasmic reticulum and non-
degradation of the transcription factor NF-xf, responsible for
cellular apoptosis control, and of some proteins such as pS3
and the BCI-2 family'® (Figure 3).

Inhibitors used to treat cancer cases do not inhibit the three
catalytic subunits of 20S simultaneously. Thus, inhibition of #1
or #2 and f3S is sufficient to activate cell death in hematological
malignancies, for example. PIs have been rarely compared, so it
has not been established whether differences in clinical results
obtained with distinct Pls are due to inhibition of a specific
20S catalytic subunit, dosing schedules, patient-related factors,
or other causes.'”"®

After the FDA approved the use of bortezomib, it became
the gold standard for myeloma treatment in association with
lenalidomide and dexamethasone. Later, carfilzomib was also
approved, and today it represents the first-line MM treatment
in conjunction with the previously mentioned drugs.'”*’

Research published in 2013 showed that new PIs, analogues
of MGI132 and bortezomib, stabilize pS3, maintaining its
pathways intact; however, cytotoxic activity occurs in cancer
cells treated with these inhibitors.”’ MG132 analogues were
administered to mouse embryonic fibroblasts from transgenic
pS3 +/+ and p53 —/— littermates, and results showed that
proteasomal inhibition caused p53 to accumulate. Experimen-
tal tests carried out during this research clarified that p53 acts
as a cell death cascade downstream mediator.”'

3.1. Bortezomib. Bortezomib (BTZ) is a dipeptide bearing
the amino acids phenylalanine and leucine linked to a boronic
acid. BTZ inhibits the catalytic activity of the S subunit of the
20S proteasome'® to culminate in mitochondrial membrane
depolarization and apoptosis. Apoptosis is caused by increased
intracellular p27 and pS3, with consequent increase in pro-
apoptotic factors such as phorbol-12-myristate-13-acetate-
induced protein (NOXA) and B-cell lymphoma 2 (BCl-2).**
BTZ also decreases the activity of NF-kB, accumulates proteins
with errors in their ternary and quaternary structure because of
protein inactivation due to degradation by the 26S proteasome,
activates c-Jun/N-terminal kinase, and establishes cell cycle
inhibitors.”

In some cases, cancer cells rapidly develop resistance to BTZ
by (i) promoting selective regulation of specific 19S subunits
and reducing the entry of proteins to be degraded by the
proteasome and (ii) causing mutations in the 19S S subunit
gene in patients with MM and in the 19S aS subunit gene in
patients with prostate cancer.'®

Current prostate cancer treatments that inhibit androgen
production are effective in 80% of patients. However, some
prostate cancers do not respond to conventional treatment,
and the use of effective chemotherapy drugs should be chosen.
Thus, searching for new effective drugs for these types of
cancer is necessary.””

Research into prostate cancer cells (PC-3) exposed to BTZ
alone or in combination with other chemotherapeutic agents
(irinotecan and etoposide) has determined both the cytotoxic
effect of the inhibitor and the inhibitory growth of these cells.
On the basis of the results, BTZ is more potent than the two
other analyzed compounds. Still, its association with etoposide
is more effective in PC-3 cells compared to these compounds
alone.”

In addition to the types of cancer mentioned above, BTZ
has also been tested in a clinical trial of anti-N-methyl-D-
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aspartate receptor encephalitis, an autoimmune inflammatory
disease of the central nervous system that affects adults and
children. Currently, adult patients, who do not respond to the
treatment recommended for the disease, can be treated with
BTZ. A case study of an 8 year old child treated with BTZ has
shown disease regression.”

3.2. Ixazomib. Like BTZ, ixazomib is a borate peptide that
binds to the 20S S5 subunit. Ixazomib has greater selectivity,
faster dissociation, and higher activity compared to BTZ in
cancerous tissues.'

The FDA approved the use of ixazomib to treat MM, so
some studies have analyzed this molecule to treat other types
of cancer. The common therapy for colon cancer uses
chemotherapeutic agents that damage DNA but have marked
side effects, making the discovery of new molecules that reduce
side effects crucial. In this context, ixazomib is an option
because it induces apoptosis in HCT116, DLD1, and HT29
cancer cells in vitro. Treatment of HCT116 cells with ixazomib
activates apoptosis by the caspase-dependent pathway, with
different pS3 statuses and decreased cell proliferation being
detected. Caspase activation does not depend on p53, and the
extrinsic pathway is activated in cancer cells by caspase-8 via
DRS cell death receptors.'“™'® In the case of BTZ, the
ixazomib apoptotic activity is due to pS3 stability and
consequent caspase-3, -8, and -9 activation.'®

3.3. Carfilzomib. Carfilzomib (CFZ) inhibits the 20S S5
activity and has fewer side effects, greater chemical stability,
and more selective mechanism of action than BTZ."” The CFZ
chemical interaction with the f subunits involves van der
Waals bridges with the S1, S3, and S4 S pockets and with the
S3 and S$4 p2 pockets. CFZ is part of the second generation of
PIs and bears chemical modifications. Unlike BTZ, CFZ is a
tetrapeptide with an epoxyketone terminal group, which
confers this molecule with a different pharmacological profile
compared to first generation inhibitors.”*

CFZ causes cancer cell apoptosis in different ways. It acts in
the mitochondrial membrane depolarization to culminate in
cytochrome ¢ release, increased pro-apoptotic factor Noxa
levels, and activation of the caspase-3 and -7 pathways and of
the enzymatic-Jun-N-terminal kinase.”> Currently, CFZ is also
being tested to treat other diseases and not only cancers.

Pulmonary arterial hypertension (PAH) is a lethal disease
characterized by abnormal cell growth of the pulmonary veins.
PAH distorts the right ventricle (RV) of the heart, leading to
its failure. Thus, studying molecules that enhance vascular
remodeling and increase lung vasodilation is necessary.
Previous studies have shown that 26S proteasome inhibitors
suppress pulmonary arterial cell growth. One study using PAH
model rats treated with CFZ has shown cellular apoptosis
involving pS3, induced by nuclear protein 1. Increased pS3
levels are associated with remodeling of collagen and elastic
fibers of the pulmonary veins due to caspase-3 cleavage and
protein downregulation to the antiapoptotic Bcl-x.”

3.4. Other 26S Proteasome Inhibitors. Oprozomib
(second generation of PlIs) is a tripeptide epoxyketone
analogous to CFZ and has been modified to improve drug
absorption. Just like CFZ, oprozomib irreversibly binds to the
26S proteasome. The mechanisms through which oprozomib
induces apoptosis have been identified as caspase-3, -8, and -9
activation and poly(ADP-ribose) polymerase (PARP) cleavage.
Also, oprozomib probably blocks angiogenesis during MM
progression.
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Researchers have concluded that oprozomib inhibits the
growth of various types of cancer in preclinical and clinical
trials of head and neck cancers, hematological malignancies,
mesothelioma, and Waldenstrom’s macroglobulinemia. Fur-
thermore, this compound has been approved by the FDA for
MM and RMM treatment. However, it is not yet administered
in patients with lung cancer.'®

In vitro tests in lung cancer cells have shown that oprozomib
action does not depend on pS53, but that p53 levels are
maintained, and that p53 and its transcriptional targets p21,
PUMA, and Noxa are stabilized. Oprozomib activates caspase-
3 and PARP, a receptor that acts on the p53 pathway, cleaves
caspase-3, and initiates apoptosis. The functions of pS3 in the
apoptosis pathway are not known. Still, in the cytoplasm, pS3
is known to bind to proteins of the BCL-2 family including
pro-apoptotic (Bax, BCl-2, PUMA, Noxa, and Bcl-2-like
protein 11) and antiapoptotic proteins.lé_18

Delanzomib is another recent inhibitor that has been tested
on cervical cancer cells. This compound increases the
transcriptional levels and protein expressions of p21, pS3,
PUMA, and Noxa. Whereas BTZ induces side effects such as
sensory peripheral thrombocytopenia, neuropathy, and postur-
al hypotension, this new compound is believed to have minor
side effects for patients.''®

4. CONCLUDING REMARKS

Many studies have shown that 26S proteasome inhibitors can
be used to treat different types of cancer. These drugs stabilize
P53 and alter the mitochondrial pathway, leading to cancer cell
apoptosis. In cases in which the chemotherapy chosen to treat
a specific type of cancer does not have the desired effect, these
inhibitors could be used as an alternative treatment.

Current research has focused on the development of new
inhibitors from existing compounds through replacement of
chemical radicals in their structure, leading to the development
of new analogues. Another perspective is the discovery of new
molecules that inhibit the 26S proteasome from already
existing compound libraries.

High quantities of the 26S proteasome are present in cancer
cells and infectious disease cells because these cells have
accelerated metabolism. This increases the affinity of these
cells for inhibitors in relation to normal cells, which has been a
focus for the development of compounds that inhibit protein
degradation by the proteasome. Therefore, proteasome
inhibitors hold promise for discovering new drugs that could
increase the survival of patients with terminal cancers and
which could be an alternative for cases that are resistant to the
selected drug treatment.
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