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Abstract: The human ribosomes are the cellular machines that participate in protein synthesis, which
is deeply affected during cancer transformation by different oncoproteins and is shown to provide
cancer cell proliferation and therefore biomass. Cancer diseases are associated with an increase in
ribosome biogenesis and mutation of ribosomal proteins. The ribosome represents an attractive
anti-cancer therapy target and several strategies are used to identify specific drugs. Here we review
the role of different drugs that may decrease ribosome biogenesis and cancer cell proliferation.
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1. Introduction

Ribosomes are conserved ribonucleoprotein complexes. The ribosome functions as
two separate subunits in all kingdoms of life. Bacterial ribosomes are composed of the
30S and 50S subunits. The 30S subunit contains 21 ribosomal proteins and a 16S rRNA,
which recognizes by its sequence at the 3′-end, the Shine–Dalgarno (SD) sequence or
ribosome binding site (RBS) of bacterial mRNA. The large 50S subunit consists of two
rRNA, namely, 5S and 23S rRNA, and 31 ribosomal proteins; this subunit is responsible for
catalyzing peptide bond formation. It has been shown that it is possible to link covalently
the two subunits in a single entity [1,2]. The covalent bond between two subunits modifies
the properties of the ribosomes, altering their ability to initiate and terminate translation
correctly [3].

In eukaryotic cells, the two ribosomal subunits are identified as 40S (small) and 60S
(large). The small subunit is composed of 18S rRNA and 33 proteins, and the large one
consists of three rRNAs, namely, 5S, 5.8S, and 28S, and 49 ribosomal proteins. The Kozak
consensus sequence functions as the protein translation initiation site, identifying the AUG
codon, in most eukaryotic mRNA transcripts. Almost all eukaryotic translation initiates at
an AUG start codon; however, recent advancements in ribosome footprint mapping have
revealed that non-AUG start codons are used frequently [4].

In all organisms, it has been shown that both subunits are associated (the prokaryotic
ribosome as a 70S particle and the eukaryotic ribosome as an 80S particle) during initiation,
rotate during elongation, and after protein synthesis dissociate. During the translation
process, it has been shown that two subunits assemble to form the mature ribosome, and in
this state, ribosomes are responsible for mRNA translation.
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Both subunits possess different functional sites; for example, the initiation of trans-
lation is mediated by the small subunit because it carries the decoding center (DC). The
large subunit mediates catalytically the bonds between amino acids because it carries the
peptidyl transferase center (PTC) [5]. It is thought that the mature ribosome contains a fixed
number of components, but “specialized ribosomes” with heterogeneous compositions
have recently been shown to exist [6,7]. This heterogeneity exists in ribosomal protein,
which seems to control the translation of protein synthesis [8]. The human ribosome has
the most advanced structure compared with bacteria or lower eukaryotes [9]; for example,
the 80S contains an additional expansion segment (ES). This segment has been shown to be
involved with ribosomal proteins in the selection of specific mRNA during the translation
process [10,11].

2. Ribosome Biogenesis and Signal Transduction Pathways

The ribosome is a supramolecular ribonucleoprotein complex that functions as the
heart of the translation machinery to convert mRNA into protein and is defined as the
cell’s protein factory. In eukaryotic cells, the synthesis of ribosomes is a complex process
involving several hundred genes. Their functions include transcription of precursor ri-
bosomal ribonucleic acids (pre-rRNAs), processing of pre-rRNAs, assembly of ribosomal
proteins (r-proteins) with pre-rRNAs, and nuclear export of the ribosomal particles [12].
Ribosome biogenesis is an essential process, and mutations of genes involved in it either
cause lethality or increase susceptibility to cancer, e.g., bone marrow failure, leukemia or
breast cancer [13]. This biogenesis is a temporally and spatially dynamic process requiring
the coordination of different trans-acting factors at different stages along the pathway,
comprising no less than 170 protein factors that modify and cleave pre-rRNAs and help to
assemble and export ribosomal particles [14]. To briefly schematize the mechanism of ribo-
some biogenesis, three DNA-dependent RNA polymerases, ~80 ribosomal proteins (RPs),
and the transient incorporation of approximately 200 non-ribosomal factors are utilized
in this process. The rate-limiting step is considered to be the transcription of ribosomal
DNA (rDNA) into ribosomal RNA (rRNA) by RNA polymerase I (Pol I); transcription of
the rDNA itself begins when the pre-initiation complex (PIC) is assembled at the rDNA
promoter. PIC formation requires the binding of at least three transcription factors: the
transcription initiation factor I (TIF-I), the upstream binding factor (UBF), and the promoter
selectivity factor (SL1). When UBF binds to DNA, a nucleosome-like structure is formed
that recruits Pol I and multiple Pol I-associated factors, forming a multiprotein complex
called the Pol I holo-complex. The active rDNA genes are transcribed into the 47S rRNA
precursor (47S pre-rRNA), which upon further processing (cleavage and modification)
forms the mature 18S, 5.8S, and 28S rRNAs. RNA polymerase II (Pol II), in turn, transcribes
the mRNAs of the RPs, while RNA polymerase III (Pol III) transcribes the 5S rRNA in
the nucleoplasm. The mature 5S rRNA and RPs are translocated to the nucleolus and
assembled with the other rRNAs to form the large and small ribosomal subunits, which
will subsequently form the mature ribosomes after translocation into the cytoplasm and
after further modifications [15].

The nucleolus is responsible for ribosome biogenesis and is formed around nucleolar
organized regions (NOR), which contain ribosomal DNA gene repeats in human cells [16–18].
These repeats are located in the short arms of acrocentric chromosomes [19,20]. Human
ribosome biogenesis requires many components. Proteomic studies have identified up to
4500 nucleolar proteins, unlike the few hundred known in yeast [21–26]. Recently, it has
been shown that 625 human nucleolar proteins, approximately 30% of them processing
factors, have been shown to be involved in cancer cells, and many of them have no yeast
homology [27].

The processes of ribosome biogenesis and their activity (protein synthesis) are en-
ergetically expensive for the cell. The regulation of this process must be in accordance
with the environmental conditions in which the cells themselves are found and with other
cellular processes (e.g., cell division and differentiation). Under a low nutrient condition,
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ribosome biogenesis and protein synthesis would not be favorable processes for the cell.
Moreover, ribosome biogenesis and protein synthesis would be catastrophic to the cell if
they initiate at the moment of cell division rather than before or after cellular division [28].
In this regard, in order to ensure cellular homeostasis, the biogenesis of the ribosome must
respond rapidly to environmental stimuli or stresses (oxidative stress, DNA damage, amino
acid depletion, etc.) via internal and cell surface receptors [29]. Receptors are responsible
for the multiple signaling pathways between extra and intracellular compartments. The
numerous signaling pathways, which intersect to control ribosome biogenesis and protein
synthesis, are IL-6/MYC [30,31] and (EGFR-IGFR-TNF-α)/PI3K/AKT/mTOR [31–33]. The
components of these pathways can represent an indirect bio-target to control the altered
ribosomal biogenesis [34,35].

3. Protein Synthesis by Ribosomes

Protein synthesis is linked to the proliferative process in normal cells [36,37]. However,
in cancer cells, the mechanism of protein synthesis is related to their metabolic requirements,
and it has been seen that cancer cells express 10,000 different proteins [38], and the protein
synthesis process is very complex and associated with enormous energy consumption. It
has been shown that all stages of protein synthesis are dysregulated in cancer cells [39].

Oncogenic signaling in mutated receptors such as EGFR (epidermal growth factor
receptor), MYC, and RAS is shown to converge on mTORC1, and in this way the first
step of translation, initiation of protein synthesis, is stimulated. Initiation and elongation
are two important steps of translation that are shown to occur at increased levels, and
this is achieved by disorders of translation factors [40]. For example, we know that the
eukaryotic initiation factor 4F complex (eIF4F) plays a pivotal role in protein synthesis, but
in cancer cells this factor is deregulated. In many cancer cells (not all), ribosome biogenesis
is enhanced to improve protein synthesis. Protein synthesis has for a long time been
considered a possible target for anti-cancer therapy [41] (Figure 1).
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Figure 1. Eukaryotic mRNA undergoes several steps of processing in the nucleolus, such as 7-
methylguanosine (m7G) at the 5′ and poly A-tail in the 3′-end. Ribosomes are recruited by mRNA
through coordinated multiple processes. Two protein complexes, eukaryote translation initiation
factor (eIF4F), which comprises eIF4E (cap-binding protein), eIF4G (scaffold protein), and eIF4A (RNA
helicase), and the ternary complex, which includes eIF2-GTP and initiation tRNA (Met-tRNAiMet),
have pivotal roles in translation initiation. The mRNA circularization occurs in the interaction of
eIF4G with poly A-tail binding protein (PABP). The eIF4F complex displays a secondary structure
in the 5′ untranslated region (5′UTR) of mRNA. The mTOR complex 1 controls the initiation of
translation through the ternary complex and eIF4F complex. Moreover, the interaction of eIF4B with
eIF4A increases the helicase activity of the latter.
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4. Ribosome Biogenesis and Cancer Pathogenesis

The alteration that occurs at the nucleolar level and is observed in cancer cells is
directly reflected in ribosome hyperproduction. The increase in ribosome biogenesis is the
main trend for cancer cells, and this event is shown to be important for cell transformation
and tumorigenesis, but it remains unclear why some cancer cells more than others depend
on ribosome biogenesis and also protein synthesis [41–44]. Recently, it has been shown
that disruption of the impaired ribosome biogenesis checkpoint (IRBC) is sufficient to elicit
the DNA damage response, suggesting that the IRBC acts as a barrier against genomic
instability [45]. The mutation of several ribosomal proteins in somatic cells can cause
cancer. For example, mutation in RPL5/uL5, RPL10/uL16, RPS15/uS19, RPL11/uL15,
and RPL22/eL22 have been described in several tumors [46]. However, the increase of
ribosomal protein synthesis in cancer cells has been shown to be related to dysregulating of
the three RNA polymerases, involving cancer-promoting proteins such as major oncogenic
and tumor-suppressive pathways, c-Myc, mTOR, p53, pRB, and PTEN [47,48]. Ribosome
biogenesis is a very complex process in which four rRNA and eighty ribosomal proteins
are involved [49]. Three rRNA are produced by RNA polymerase I (Pol I); this process
is very extensive, and the fourth rRNA 5S is produced by RNA Pol III, while ribosomal
proteins are encoded by Pol II [49].

The first event in ribosome biogenesis is the transcription process which occurred
through activation of Pol I in the nucleolus. Pol I activity has been shown to vary throughout
the cell cycle [50]. Upstream binding factors (UBF) are required for the efficient transcription
of ribosome genes. They stimulate and enhance the activity of Pol I and ribosome biogenesis.
This factor is activated with a phosphorylation process by kinases such as casein kinase
II (CKII). UBF is phosphorylated by Erk1/2 (Extracellular signal regulated kinases) and
is synchronized to the cell cycle through Cdk4-CycD1 and Cdk2-CycE complex (Cdk:
Cyclin-dependent kinases; Cyc: Cyclin), which are upregulated in cancer cells. The defect
in p53 and pRb is an example of upregulation of Pol I and Pol III activity during ribosome
biogenesis and, in this form, it supports tumor growth and development [51]. Aberration
of proto-oncogenic c-Myc increases 7-methylguanylate-cap-dependent mRNA translation
through the cell cycle when, during mitosis, it outcompetes the internal ribosome entry site
(IRES) dependent translational of mRNA [52]. A connection between the inflammation
process and ribosome biogenesis is also discovered. In fact, IL-6 (an inflammatory cytokine)
stimulates, in a c-Myc-dependent manner, transcription of rRNA, and this rRNA will
aggregate with ribosomal proteins to form new functional ribosomes [30].

5. Identification of Inhibitors That Have Target rRNA

The pre-rRNA maturation is a highly coordinated process that begins with the 90S
pre-ribosome, which is also called the SSU (small subunit) processome [53,54]. The pre-
rRNA undergoes an endo-nucleolytic cleavage reaction, which ends with the generation
of 18S, 5.8S, and 28S rRNA, with the concomitant arrival of ribosomal proteins, which are
imported from the cytoplasm to assemble with these rRNAs [55].

Pol I is involved in precursor transcription (35S), and it is known that the mature
rRNAs (18S and 5.8S–25S) are embedded in noncoding 5′ and 3′ external spacers (ETSs)
and internal transcribed spacers 1 and 2 (ITS1 and ITS2). During the rRNA processing
steps, these spacers are accurately removed to generate the mature rRNAs; see Figure 2
for details. Enzymes, namely, endo- and exonucleases, are involved in processing
steps [56], and snoRNAs are also involved both in pre-rRNA modification and processing
steps [56].
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Figure 2. Inhibition of eukaryotic rRNA processing in different steps. The rRNA processing scheme
presented here from 35S pre-rRNA to the mature rRNA (18S, 5.8S, and 25S) is complemented with
different inhibitors and their potentially targeted ribosomal maturation.

The processing involves three classes of snoRNAs: box C/D, box H/ACA, and MRP.
The Box C/D and box H/ACA snoRNPs drive RNA modification. In particular, the
Box C/D snoRNP is composed of 60 to 200 nt and is associated with methyltransferase
fibrillarin (FBL, which is NOP1 in yeast). The Box H/ACA is composed of 120 to 250
nt and is associated with dyskerin pseudouridine synthase 1 (DKC1) (known as NAP57;
CBF5 in yeast) [57]. The RNase MRP (RNase mitochondrial RNA processing) is a class
of its own. MRP is composed at 268 nt in humans and 340 nt in yeast; it is involved in
pre-rRNA processing at site A3 in ITS1 in yeast, a function that is apparently not conserved
in humans [56] (Figure 2).

In the maturation of 40S ribosome subunits, CRM1 exportin has been shown to be
involved in the exporting of pre-40S-Nuc particles out of the nucleolus; the accumulation of
26S pre-rRNA in CRM1-inhibited cells is probably an effect caused by an accumulation of
pre 40S-Nuc particles in the nucleoplasm. Other factors are also involved in the formation
of complex pre-40S-No1, such as PNO1 and RRP12, which play a pivotal role in the stability
of the pre-40S-Nuc particles. The elucidation, identification, and analysis of the alteration
in the assembly and export of pre-ribosomal particles in ribosomopathies, cancer, and other
diseases will be a future step [58].

The inhibition of Pol I in human AML (acute myeloid leukemia) cells leads to increased
apoptotic cell death, delays the cell cycle, and induces myeloid differentiation in leukemic
blasts [59]. Snail1 is a key regulator of EMT (epithelial–mesenchymal transition), but Snail1
is also recruited to the rDNA in cells undergoing EMT. Inhibition of Pol I by different phar-
macological substrates has been shown to block EMT and induce tumor cell differentiation
in mice [60]. Many drugs could be involved in ribosomal processing by slowing down
or blocking ribosome biogenesis. This has been shown by many authors. On the NIH
clinical collection website, 446 small molecules have been registered that have already been
used in clinical studies (https://commonfund.nih.gov/molecularlibraries/tools) [61]. The

https://commonfund.nih.gov/molecularlibraries/tools
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drug diazaborine has been shown to bind with Drg1 and specifically block ATP hydrolysis,
preventing Rlp24 release from pre-60S particles [62,63].

Tanshinone IIA has been shown to reduce 27SA2 pre-rRNA and 20SA2 pre-rRNA [61,64–66].
Megestrol acetate is involved in the reduction of 20S pre-rRNA and 27S pre-rRNA, suggesting
that it might also exert its effect even before the separation of the 40S and 60S maturation
pathway [61,67–69]. The drug berberine HCl has been shown to be a multiple inhibitor; the effect
of this drug has been shown to cause a clear accumulation of precursor rRNAs and delay in
the processing of A0, A1, and A2 [61,70]. Few substrates have been shown to cause significant
accumulation of 20S pre-rRNA. These substrates are usnic acid, [71,72] celastrol [73], parecoxib
Na [74,75], and carmofur [76–78].

The 5-FU (5-fluorouracil) derivate, carmofur, is very sensitive, and it is possible to
cause 7S pre-rRNA deletion during processing; these data support the hypothesis that
carmofur and 5-FU directly target the ribosome biogenesis pathway [61]. Both substrates
are widely used as chemotherapeutic agents, although the main effect on the cell is not
fully understood. The 5-FU is incorporated into RNA and interferes in various nucleotide
pathways, including transcription and processing [79–82].

Another substrate, syringetine-3-glucoside, caused a strong accumulation of the total
27S signal, 27SA2, as well as 27SB precursors [61]. Vulpinic acid is another substrate that
affects ribosome biogenesis. This substrate caused the accumulation of 7S pre-rRNA and
small A2–A3 spacer fragments. Vulpinic acid has been shown to cause aberration of 23S
RNA [61,83].

A similar effect has been demonstrated for fluphenazine 2HCl. This substrate has been
shown to cause a slowdown in the early step of processing (A0, A1, and A2) [84].

Idarubicin, a member of the rubicin substrate family, can cause defects in pre-60S
ribosome maturation, and accumulation of 7S pre-rRNA. Members of this family are
daunorubicin, doxorubicin, and epirubicin. Doxorubicin has been reported to cause the
blocking of rRNA transcription in human cells [85,86].

Two other members, doxorubicin and epirubicin, lead to a change in nucleolar mor-
phology and nucleoplasmic accumulation of an RPL27 [61]. Rubicin interferes in pre-
ribosome maturation and causes different patterns of pre-rRNA processing defects in
different steps of ribosome biogenesis [61]. The members of the rubicin family block the
replication process by inhibiting topoisomerase I or the possibility of intercalating in DNA
strands and are widely used for the treatment of solid tumors [87,88]. Three substrates,
namely, streptonigrin, acivicin, and mycophenolic acid, have been shown to cause an
almost complete disappearance of pre-rRNA for a half-hour after treatment. Avicin and
mycophenolic acid are known to influence the inhibition of purine and pyrimidine base
synthesis. The streptonigrin has been shown to act in a completely different way. This sub-
strate will be complexed with DNA molecules and affect the transcription and replication
of DNA [61,67–89]. Cantharidin has been shown to induce the overexpression of several
components of 3′–5′ mRNA decay in mammalian cells, including two core components
of the exosome, which are clues for the connection of the drug target to the 3′–5′mRNA
decay pathway [90]. Tunicamycin B is involved in the activation of unfolded proteins and
has been shown to downregulate the transcription of ribosomal protein genes [91–93]. The
substrate methotrexate blocks dihydrofolate reductase [94]; during this process, nucleotide
synthesis, transcription of rRNA, and S-adenosylmethionine, which is responsible for the
methylation of rRNA, are affected [85,95,96] (Table 1).

Blockage in the early step has been shown to cause nucleolar disintegration, whereas
blockage in the later step during rRNA processing leaves the nucleolus intact. The drugs
that we mentioned earlier will inhibit 47S rRNA precursor, but the question remains
whether these drugs act directly as an inhibitor of distinct steps of ribosome biogenesis.
Oxaliplatin/5-FU, and methotrexate/5-FU combination therapies are currently used in
different clinics for the treatment of various types of cancers [85].
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Table 1. Effect of different drugs on inhibition of rRNA in cancer cells.

Type of Substance Inhibition Diseases References

Tanshinone IIA 27SA2 pre-rRNA; 20SA2-pre-rRNA Cancer [61,64–66]
Diazaborine Drg1 and block ATP hydrolysis [62,63]

Megestrol acetate 20S pre-rRNA; 27S pre-rRNA [61,67–69]
Usnic acid 20S pre-rRNA [71,72]
Celastrol 27S pre-rRNA [73]

Parecoxib Na 27S pre-rRNA [74,75]
Carmofur 27S pre-rRNA [76–78]

5-FU (5-fluorouracil) 7S rRNA [61]
Syringetine-3-glucoside 27S, 27SA2, 27SB precursors [61]

Vulpinic acid 7S pre-rRNA, small fragments
A2-A3, 23S rRNA [61,83]

Fluphenazine 2HCl Small fragments A0, A1, A2 [84]

Idarubicin 60S pre-ribosome maturation;
7S pre-rRNA accumulation [85,86]

Doxorubicin/epirubicin Defects in pre-rRNA maturation Solid tumors [61,87,88]
Streptonigrin Transcription and replication of DNA [61,89]
Cantharidin 3′-5′ mRNA decay pathway [90]

Tunicamycin B Ribosomal protein gene [91–93]
Methotrexate Transcription of rRNA [85,95,96]

It is well known (as described) that drugs inhibit ribosomal RNA in different steps:

(a) rRNA transcription: the drugs that participate in this step, for example, are oxaliplatin,
doxorubicin, and methotrexate,

(b) Early rRNA processing: the drugs that act in this step, for example, are berberine HCl,
negestrol acetate, and tanshinone IIA,

(c) Late rRNA processing: the drugs that participate in this step, for example, are 5-
fluorouracil and homoharringtonine.

Protein such as c-Myc and N-Myc have been shown to induce tumorigenesis and have
been the focus of research in recent decades. Due to overexpression of the c-Myc and N-Myc
oncoproteins, most neuroblastoma patients die as a result of this disease. The long noncoding
mRNA lncNB1 binds ribosomal protein L35/uL29 to enhance E2F1 protein synthesis, B-Myc
protein stability, and N-Myc-driven oncogenesis and could be considered as a therapeutic
target [97]. In this regard, the product of the gene SMARCB1(SWI/SNF related, matrix associated,
actin dependent regulator of chromatin, subfamily b, member 1), known to encode the SNF5
subunit of the SWI/SNF chromatin remodeler, interacts with the oncoprotein transcription factor
MYC and stimulates MYC activity. Weissmiller et al. (2019) [98] showed that SNF5 inhibits
the DNA-binding ability of MYC. The MYC is regulated by SNF5, separately from its role in
chromatin remodeling, and the reintroduction of SNF5 into the SMARCB1-null cell simulates
the primary transcriptional effects of MYC inhibition. These reveal that SNF5 will antagonize
MYC and provide a mechanism to explain how the loss of SNF5 can stimulate malignancy [98].

It is also known that several RPs (ribosomal proteins)are very important in miRNA-
mediated modulation of the MYC oncogene. This control process is regulated by the
transcription of rDNA, Afs (assembly factors), and RPs, and translation initiation fac-
tors [31] uL5 (RPL11), uL18 (RPL5), and uS11 (RPS14) are involved in the nucleolar stress
response by stabilizing TP53 (tumor protein p53), and these factors are also accompanied
by MYC transcript silencing by hsa-miR-24 [99]. RPL5 and RPL11 can bind the Myc box
II domain and then inhibit its transcriptional activity through a mechanism of miRNA
targeting mediated by the RNA-induced silencing complex [100,101]. RPS14 also promotes
c-Myc’s mRNA turnover and decreases c-Myc transcriptional activity [102]. Investigations
on c-Myc expression and activity have reported that cytosolic ribosomal proteins (CRPs),
uL18 and uL5, play a role in its transcriptional activation managed by the RISC-mediated
miRNA targeting mechanism [103]. It was reported that RPS2 ribosomal protein was over
expressed in malignant prostate cancer cell lines and in archived tumor specimens. These
data suggested that the targeting of uS5 can be a good therapeutic strategy for prostate
cancer [104].
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Recent studies have provided new perspectives on miRNA affecting cancer treat-
ments. The balance between proliferation and oncogenesis can be achieved by silencing
upregulated oncogenes such as MYC, TP53, RPs, and AFs downstream of pre-rRNA tran-
scription [105]. It has been reported that hsa-miR-7641 can directly suppress (RPS16) and
other RPs. In this regard, the depletion of miR-7641 sensitized the colon and also breast
cancer cells to doxorubicin-induced apoptosis [106].

Identification of inhibitors for ribosome biogenesis remains a task for future study,
and selective inhibitors will be valuable tools to facilitate and understand different steps.

6. Targeting Pol I Transcription for Therapeutic Effect

Ribosome biogenesis is a very coordinated process. This process, as we mentioned
before, involves three RNA polymerases. Targeting ribosome biogenesis through inhibition
of Pol I has several advantages: (1) Pol I is a highly selective process since Pol I transcribes
pre-RNA; (2) ribosome biogenesis is a deregulated process in most, but not in all, cancer
cells, and Pol I inhibitors have great potential to treat cancer diseases; (3) in healthy cells,
the level of ribosome biogenesis is low, and this make these cells very insensitive to the
effects of Pol I inhibition [107].

CX-3543 is known as quarfloxin. CX-3543 can dissociate nucleoline from putative
G4 structures in the rDNA locus [108]. Nucleolin has a role in several stages of ribosome
biogenesis: It facilitates Pol I transcription by promoting the euchromatic state of rDNA
loci [109,110]; it catalyzes the cleavage of 5′ ETS; and it is involved in the assembly and
transport of the ribosomal subunits [111]. CX-3543 inhibits rRNA transcription and leads
to the stabilization of p53 and to the induction of apoptosis. Treatment with CX-3543
showed clear efficacy in the inhibition of several cancer cell lines [108]. Phase I clinical
trials of CX-3543 have been completed, and now phase II clinical trials have been reached
for neuroendocrine and carcinoid tumors [112,113].

CX-5461 was first identified as a selective inhibitor of Pol I transcription [114]. Inhibi-
tion of Pol I is shown to be irreversible, which is important for the design of chemothera-
peutic strategies and to avoid drug resistance [115]. It has been shown to inhibit Pol I at
low concentrations [116]. CX-5461 has shown a therapeutic effect in AML and prostate
cancer [117–119], breast cancer [120], small cell lung cancer [121], ovarian cancer [122],
and neuroblastoma [123]. The combination of CX-5461 with CX-6258 significantly reduces
tumor volume in prostate cancer compared with a vehicle control [119].

BMH-21: has a high potential to induce p53 activation. BMH-21 prefers to bind to
GC-rich DNA. This compound has been shown to inhibit rDNA transcription due to the
disassembly of the Pol I complex at the rDNA promoter [124] (Table 2).

Table 2. Effect of different drugs on the inhibition of Pol I in cancer cells.

Type of Substance Inhibition Diseases References

CX-3543 Facilitate Pol I transcription Neuroendocrine and carcinoid tumors [112,113]

CX-5461 Inhibit selectively Pol I
Prostate cancer; breast cancer;

small lungcancer; ovarian cancer;
neuroblastoma

[117–123]

CX-5461/CX-6258 Pol I Prostate cancer [119]
BMH-21 Pol I Cancer [124]

7. Identification of Inhibitors That Have a Target Translation Process

Drugs that inhibit bacterial growth are the most successful medicines found by humans
and have saved millions of lives. Finding new natural and synthetic antibacterial drugs is
one of the crucial challenges for modern health science. The knowledge of current drugs is
very limited. Knowledge of how antibiotics achieve inhibition effects on their target and on
cell growth is based on research carried out decades ago. To date, ribosomes are targeted
by different natural or synthetic antibiotics during protein synthesis. These antibiotics bind
ribosomes in different parts and lock the functional center, thereby preventing the access
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of tRNAs or interfering with the action of the translation factor [125]. Most antibiotics
inhibit bacterial cell growth and proliferation by targeting essential cellular enzymes. These
enzymes are involved in different catalytic reactions when two or more substrates combine
to form a new molecule. Inhibition of these enzymes means slowing cell growth. A wide
variety of clinically used antibiotics has achieved their therapeutic effects by interfering with
ribosome function. In fact, ribosomes are shown to be vigorously involved in translation in
fast cell growth (Figure 3).
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is released with the help of termination factors (RF1 or RF2 and RF3). The last step is the recycling
phase, when the combination of ribosome recycling factor (RRF) and EF-G splits the ribosome into
its subunits.

A single mammalian cell expresses on average 105 to 106 cytoplasmic ribosomes at
a given time, but this number may vary [126,127]. This pool is regulated by ribosome
biogenesis and is suitable for cell needs [31,128]. The ability of the free ribosome is a very
limited parameter during the translation process [129], and any quantitative changes in
ribosome homeostasis can impact the translation process [130,131].

The ribosome has been seen as a biological machine dedicated to protein synthesis.
This is based on the nature of its task, and its remarkable efficiency in performing it:
decoding mRNA at 5.6 codons per second in eukaryotic cells [132].

Garreau de Loubresse et al., (2014) published an interesting study in which some
high-resolution structures of 80S ribosomes (from Saccharomyces cerevisiae) were determined
in complexes with 12 eukaryote-specific and 4 broad-spectrum inhibitors. All inhibitors
were found associated with mRNA and tRNA binding sites. In particular, the authors
suggested a model for the action of cycloheximide and lactimidomycin, explaining why
the latter compound specifically targets the first elongation cycle in eukaryotic cells [133].

Peptide bond formation occurs in the peptidyl transferase center (PTC); this is the
only catalytic reaction in which ribosomes are involved in the rearrangement of cova-
lent bonds. The PTC is a prevalent target for protein synthesis inhibitors [134,135]. The
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chloramphenicol antibiotic (CHL), produced by Streptomyces species, is one of the oldest
known PTC-targeting drugs [136]. CHL has been shown to bind in the aminoacyl (A) site,
occupying the place of aminoacyl–tRNA [137–139]. In this form, CHL blocks formation of
each peptide bond.

Another drug that has been shown to bind with PTC is linezolid (LZD), a synthetic
oxazolidinone antibiotic introduced in the clinic 50 years after CHL [140]. Like CHL,
LZD was thought to bind on PTC and inhibit peptide bond formation between amino
acids [141]. Additional drug components are macrolides, which are successfully used as
ribosome-targeting drugs. Erythromycin (ERY) and azithromycin (AZI) have been used
for the treatment of infection diseases [142,143]. Other member of the macrolide family
are ketolides, which are used but with limitations due to toxicity issues [144]. Pikromycin
is a member of the ketolide family, which can arrest ribosomes less efficiently, even at
the commonly difficult +X+ motif [145]. Macrolides have been shown to bind at a short
distance from the PTC in the nascent peptide exit tunnel (NEPT) [138].

Kasugamycin (KSG) is another substrate that is used for inhibition of translation
initiation [146], whose binding site in the 30S overlapped with the last two nucleotides of
the exit (E) site codon [147,148]. KSG distorts mRNA in the ribosome and, in this form,
prevents recognition of the start codon. KSG action is strongly dependent on the nature
and structure of the mRNA [149]. The substrate paramycin (PAR) has the ability to inhibit
protein synthesis in the living world. Like KSG, pactacmycin (PAC) has been shown to
bind with the 30S subunit E site in the mRNA channel [150]. Small molecule PF06446846
has been shown to bind with ribosomes [151]. The location of the binding site is not well
understood, but the mechanism of action is thought to be the same as for macrolides
(Table 3).

Table 3. Effect of different drugs that inhibit the translation process.

Type of Substrate Inhibition References

Chloramphenicol (CHL) Peptide bond formation [138,139]
Linezolid (LZD) Peptide bond formation [140,141]

Erythromycin (ERY) Peptide bond formation [142,143]
Azithromycin (AZA) Peptide bond formation [142,143]

Pikromycin Arrest ribosome maturation [145]
Kasugamycin (KSG) Bind 30S subunit [147,148]

Paramycin (PAR) Protein synthesis [150]
Pactamycin (PAC) Bind 30S subunit [150]

Small molecule PF06446846 Not known [151]

Merafloxacin, a fluoroquinolone antibacterial, as a -1PRF (programmed -1 ribosomal
frameshifting) has been shown to inhibit SARS-CoV-2. This inhibition by merafloxacin
is robust to mutation with the pseudoknot region and is similarly effective on -1PRF of
other beta coronaviruses. This approach represents a strategy for antiviral effects for the
treatment of SARS-CoV-2 [152].

8. Drugs That Have a Ribosome as a Target in Cancer Diseases

An interesting study by Lamb et al., (2015) showed that five classes of mitochondrial-
targeted antibiotics (including erythromycins, tetracyclines, glycylcyclines, and chloram-
phenicol) can be used to eradicate cancer stem cells. This approach has been linked to
the evidence of a close dependence on mitochondrial biogenesis for the clonal expansion
and survival of cancer stem cells [153]. Regarding this approach, a more recent review
analyses the use of antibiotics to treat very different conditions (cancer, neurodegenerative
or mitochondrial diseases) and their effect on mitochondria. In particular, the authors
observe that the bioequivalent dose required to block cancer stem cells and the molecular
pathway involved in this process should be assessed carefully, because every drug or
treatment will have sometimes have disagreeable side effects [154]. Another study, con-
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ducted by Myasnikov et al. (2016) investigated the role of eukaryote-specific antibiotics and
their anti-proliferative effect on several cancer cell lines at the molecular level. This study
revealed the specificity of different eukaryote-specific antibiotics towards cytosolic rather
than mitochondrial ribosomes, suggesting the human ribosome as a cancer target [155].

Furthermore, as proof that ribosomes are potential anti-cancer targets, it has been
shown that if the gene for ribosomal protein eS6 (S6RP) is deleted, it can cause cancer
cell inhibition [156]. Haplo-insufficiency of the ribosomal proteins eL24 (RPL24) or eL38
(RPL38) has been shown to prevent lymphoma induction in a transgenic EµMyc mouse
model [38]. For example, the initiation factor 5A (eIF5A) of eukaryotes is modified at the
post-translational level by the addition of the amino acid hypusine [157]. This modification
plays a pivotal role for the ribosome to synthesize proteins with proline stretches. Modifica-
tion of hypusynation of eIF5A by GC7 (inhibitor of deoxyhypusine synthase (DHS)), could
be an approach for cancer therapy with a high rate of protein synthesis [158].

Many oncogenic proteins, such as c-Myc, have a short half-life (≈15 min), which is
rapidly affected by ribosome inhibition, compared with other oncoproteins with a longer
half-life. C-Myc is a strongly oncogenic protein in several cancer types, including acute
lymphoma [159]. In this regard, we surmise that ribosome inhibitors may be highly effective
in cancer diseases, which depend on such short half-life oncogenic proteins.

Homoharringtonine (HHT) is an ester of cephalotoxine, which was discovered from
Cephalotaxus harrigtonina in 1963; the harringtonine alkaloid family includes also cephalotax-
ine, isoharringtonine, and harringtonine [160]. Homoharringtonine has the ability to bind
80S human ribosomes when they synthesize diphenylalanine in the presence of poly-U
mRNA, elongation factor (eEF1), and Phe-tRNAPhe [161]. The inhibition of translation
by HHT is much higher in eukaryotes than in archaea, so the idea that HHT is a specific
inhibitor for eukaryote ribosomes is supported [162]. HHT has demonstrated an antipro-
liferative function on murine leukemia cells and has been approved as a drug for the
treatment of chronic myeloid leukemia (CLM) patients by FDA in the USA [163]. Histor-
ically, HHT was the first compound used against ribosomes to inhibit protein synthesis
during the treatment of patients with cancer [164]. HHT can be combined with other
substances during the treatment of different diseases, such as in combination with oridonin
on AML [165]; with SAHA, a histone deacetylase inhibitor by upregulating the expression
of death receptors at the AML cells [166]; and with bortezomib to kill diffuse large B cell
lymphoma (DLBCL) [167].

One study provided stronger evidence for the hypothesis that platinum-based chemother-
apy (oxaliplatin) is possible to cause cell death via ribosome biogenesis [168], whereas cisplatin
is shown to cause cell death via the DNA damage response (DDR). Oxaliplatin has been shown
to cause inhibition of ribosome biogenesis. In particular, Sutton et al. (2021) showed that
using equivalent doses of oxaliplatin inhibits ribosomal RNA synthesis by Pol I, but this
does not occur with cisplatin. Redistribution of nucleophosmin (NPM1) and fibrillarin was
demonstrated in the oxaliplatin-treated sample [169].

eFT508 (tomivoserbit) is a compound used for the treatment of solid tumors; this substrate
has been shown to suppress protein synthesis such as oxaliplatin and 5-fluorouracil. This
drug, in combination with paclitaxel, is currently used in breast cancer treatment [170,171].

Triple-negative breast cancer (TNBC) is one of the aggressive cancers for which therapy
is lacking. Makhale et al. (2021) tested combination therapy using CX-5461 (selective
inhibitor for Pol I transcription) and APR-246. This combination was shown to significantly
induce apoptosis associated with PARP and caspase 3 along with annexin V [172].

Osteosarcoma frequently occurs in children and adolescents and cause a poor progno-
sis. The role of RBPs (RNA binding proteins) has been explained in recent years. Li et al.
(2021) identified the key RBPs in osteosarcoma, which are the prognostic factor treatment
targets. Thirty-eight differential expression RBPs were identified in this study and the
results indicated that these RBPs were significantly involved in ribosome biogenesis and
mRNA surveillance pathway. The genes DDX24, DDX21, WARS, and IGF2BP2 might play
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a pivotal role in osteosarcoma, and these genes will be considered as therapeutic targets for
osteosarcoma treatment [173].

Small molecules that are inhibitors of mitosis, such as the KIF11 inhibitors ispinesib,
nocodazole, and paclitaxel, and the aurora kinase inhibitors hesperidin and MK-5108, de-
crease and inhibit DNA replication and increase the nucleolar number during mitosis [174].

JEB (junction epideromolysis bullosis) is caused by premature termination codon (PTC)
mutation in skin cells, anchoring the protein LAMB3 gene (laminin subunit beta 3). It has
been shown that ribosomes are responsible for most of the translation reads of LAMB3PTC
mRNA, which produce non-functional protein. Modifications of RPL35/uL29 increase
the production of the full length Lamb3 protein from LAMB3PTC mRNA. Atazanavir and
artesunate were identified as candidate small molecules for binding with RPL35/uL29
and possibly trigger increased production of full-length Lamb3 protein from LAMB3PTC
mRNA for targeted systemic therapy in treating JEB patients [175].

Esophageal squamous cell carcinoma (ESCC) is a very aggressive cancer, and the
∆Np63α/RSK4/GSK-3β axis (RSK4: ribosomal protein S6 kinase A6; GSK: glycogen
synthase kinase 3β) plays a pivotal role in radioresistance in ESCC. Combination therapy
involving inhibitors of RSK4 and radioresistance is a good opportunity for the treatment of
patients with ESCC [176].

Tau is a neuronal-enriched microtubule-associated protein whose main function is to
regulate different molecular processes, such as synaptic plasticity, cell signaling, molecular
trafficking, and axonal transport [177–180]. The expression of human tau protein has been
shown to decrease protein synthesis and ribosome biogenesis. Expression of the amino-
terminal domain of human tau is sufficient to reduce protein and ribosome synthesis, as
shown by Evan et al. (2021) [181].

Furlan et al. (2021) quantified two ribosomal proteins, RPL36 and RPL29, which are
overexpressed in enzalutamide, resistant in prostate cancer, and downregulated upon
BD/HAT (bromodomain/histone acetyltransferases)-inhibition treatment [182]. Other
ribosomal proteins have been reported in prostate cancer pathogenesis, such as RPL19 [183],
RPL21, and RPL24, and have been proposed as good prostate cancer biomarkers [184]
(Table 4).

Table 4. Effect of different drugs on inhibition of ribosome biogenesis in cancer cells.

Type of Substance Inhibition Diseases References

Harringtonine 80S Murine leukemia cells;
chronic myeloid leukemia [164]

Bortezomib/
Harringtonine Diffuse large B cell lymphoma (DLBCL) [167]

Oxaliplatin Cell growth via ribosome biogenesis Tumor/cancer [168,169]
Cisplatine Ribosome biogenesis Tumor/cancer [169]

eFT508 (tomivoserbit) Suppress protein synthesis Solid tumors [170,171]
5-Fluorouracil/paclitaxel Suppress protein synthesis Breast cancer [170,171]

Cx-5461/APR-246 Induce apoptosis Triple-negative breast cancer (TNBC) [172]
Ispinesib,

Nocodazole,
Paclitaxel,

Aurora kinase inhibitor,
Hesperidin,

MK-5108

Inhibit DNA replication Cancers [174]

Atazanavir/artesunate LAMB3PTC mRNA Junction epidermolysis bullosa [175]
Tau protein Decrease protein synthesis Cell signaling and axonal transport [181]

Enzalutamide Down regulate BD/HAT Prostate cancer [182]
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9. rRNA and Ribosomal Protein Modification in Cancer Diseases

rRNA carries more than 100 chemical modifications, including pseudo-uridinilation,
methylation, and ribose methylation at 2′-hydroxyl [185]. During modification, the ribo-
some stabilizes its structure, and modifications are a cluster for important functions of the
ribosome, such as the peptidyl transferase center (PTC) and decoding center, which in this
form promotes accuracy and efficiency of the decoding process. The most abundant rRNA
modifications are uridine to pseudo-uridine (Ψ) via enzyme pseudo-uridine synthases and
H/ACA box small nucleolar RNAs (snoRNAs), and 2′-O-methylation of the ribose via
enzyme methyltransferase fibrillarin (FBL) and C/D box small nucleolar RNAs [57,186].
The existence of rRNA 2′-O-methylation plasticity would control the intrinsic capabili-
ties of ribosome to translate IRES-containing mRNA [187,188]. This means that rRNA
modification according to chemical patterns may present a new strategy for creating a
new type of ribosome called the specialized (therapeutic) ribosome. The role of expres-
sion and modification of rRNA is slowly emerging. It has been shown that there exists a
correlation between increased expression and modification of rRNA in cancer cells [189],
such as prostate and cervical cancer [190,191], and high expression of pre-45S rRNA has
been shown in colorectal cancer during the G1/S cell cycle [192]. In rare genetic diseases
such as X-linked Dyskeratosis Congenital (X-DC), hypermodification of rRNA has been
found; the gene DKC1, which encodes dyskerin, is involved in the modification of pseudo-
uridinilation of rRNA in approximately 100 specific sites [193]. In breast cancer, expression
of FBL (fibrillarin) has been shown to alter the rRNA 2′-O-methylation pattern, triggering
changes in the translation of mRNAs [187,194]. An existing link between 2′-O-methylation
and pseudo-uridynilation to cell proliferation, host immunity, and oncogenic microRNAs
in malignant melanoma (MM) suggests that both RNA modifications and other factors
that are involved in this process are good targets for tumor therapy and good prognostic
cancers [195].

Many proteomic studies have identified ribosomal protein modifications associated
with different diseases. Modification of RPS6 is associated with different physiological
and pathological cellular contexts. Phosphorylation of RPS6 has been shown to stimulate
translation of specific class mRNA containing a 5′TOP sequence in response to mTOR
signaling [196].

RPS15 has been shown to be a substrate of LRRK2 kinase (leucine-rich repeat kinase).
A mutation of LRRK2 kinase leads to neurodegenerative disorder diseases such as Parkin-
son’s disease (PD) [196,197]. Phosphorylation of RPL12 (serine 38-pS38) was found to be
abundant in both 60S and 80S fractions, but not in the polysome fraction, suggesting that
phosphorylation of RPL12 in this position may regulate translation [198].

Fucosylation is another post-translation modification that contributes to pathogenesis
of several diseases, although to date is unclear how and which proteins, signaling pathways,
and cellular processes are implicated in fucosylation. It is thought that fucose binding
lectin and many other intracellular proteins undergoes post-translation fucosylation. The
ribosomal protein S3 (RPS3) is fucosylated in human cancer cells and normal mouse
tissue [199].

10. Other Roles of Ribosomal Proteins: Modulation of the Immune System

The ribosomal proteins of both subunits specifically modulate the expression of MHC-I
(Major histocompatibility complex class I) peptide cell surface expression. RPS10, RPS13,
RPS28, RPLP0, and RPL3 have been shown to regulate cell surface human class I molecules in-
cluding HLA-A2. The ribosomal proteins RPS7, RPS15A, RPL6, RPL17, RPL28, RPL38, RPL39,
and RPL40 regulate Kb-SIINFEKL generation without affecting viral protein translation.

The knockdown of RPS28/eS28, RPL6/eL6, and RPL28/eL28 has slight effects on
the transcriptome and likely regulates class I peptide presentation through mechanisms
independent of regulating the individual mRNA transcript. It has been shown that the
knockdown of these proteins also potentially alters ribosome function by inducing a change
in the association of ribosomal proteins and methylation (modification) of rRNA.
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RPL6/eL6 and RPL28/eL28 are located near to each other in the ribosome, within
several contact residues. Despite their position, they play opposite roles in modulating
peptide generation. RPL6/eL6 knockdown selectively inhibits Ub-dependent peptide
generation, implicating RPL6 in the ubiquitylating or degradation DRiP (rapid degradation
nascent polypeptide), while RPL28/eL28 has been shown to enhance the model peptide
SIIFEKL (TAP/ubiquitin/proteasome dependent/independent) [200].

11. The Ribosome Inactivation Proteins as Anticancer Therapy

RIPs (ribosome inactivation proteins) are a group of cytotoxic N-glucosidases. A large
number of them come from plants, and a few come from bacteria [201]. RIPs are classified
into three different types. Type one, trichosanthin (TCS) and momorcharin (MMC), consists
of a single chain with catalytic activity. Type two, heterodimeric ricin and abrin, consists of
two chains (A and B) connected with disulfide bonds and with an active A chain. Members
of type three are maize ribosome-inactivating protein and barley jasmonate-induced RIP
(JIP60) [202,203].

RIPs have the possibility to remove a specific adenine in the α-SRL (α-sacrin/ricin
loop) of rRNA. This is a highly conserved loop in all large ribosomal subunits and is
essential for the correct assembly of the functional core of this subunit and for the (GTP)-
dependent binding of elongation factors to the ribosome [204].

TCS (trichosanthin) has anti-tumor activity in a wide spectrum of cancers. TCS acts
as an inhibitor of cervical cancer cells through restriction of the signal transducer and acti-
vator of transcription (STAT5)/c-Myc signaling pathway. In B-cell lymphoma, expression
of antigen ki-67-associated cell proliferation and RNA transcription is decreased, while
caspase-3 activity is increased [205]. TCS has been shown to mediate the phosphoinositide
3-kinase (PI3K)/protein kinase (AKT) pathway and enhance the cytotoxicity and apoptosis-
inducing activity of gemcitabine in non-small cell lung cancer [206]. TCS also enhances
the cell uptake of granzyme B, leading to apoptosis of tumor cells [207]. TCS was able to
inhibit angiogenesis in JAR cells, decrease VGFR (vascular growth factor receptor), and
contribute to the anti-cancer effect [208]. TCS downregulates the NOTCH signal in the
nasopharyngeal carcinoma (NPC) cell line CNE2 [209].

Ricin exhibits anti-tumor properties, and it has been shown to inhibit the growth
of sarcoma in rat [210] and increase the survival rate of Ehrlich ascites tumor-bearing
mice [211]. Confirmation of its properties has come from a phase I clinical study on
cancer patients with different tumors. The inhibition of protein synthesis was considered
the first attribution of its anti-cancer activity [212]. Ricin has been shown to induce the
production of anti-inflammatory cytokines such as tumor necrosis factor alpha (TNF-α)
and interleukin-1beta (IL-1β) [213,214].

A type-two RIP, riproximin, up-regulates the anti-cancer cytokine IL24/MDA-7 and
ER-stress-related GADD in human and rat colorectal cancer (CLC) cell lines [215]. It also
has an anti-apoptotic (BCL family), and cell cycle (cyclins) control activity in human breast
cancer cell lines, such as MDA-MB-231 and MCF-7 [216].

α-MMC (lpha-momorcharin) has been shown to have an anti-cancer effect and has
been tested in human breast cancer cell line MDA-MB-231 and MCF-7, but α-MMC has
been shown to have high cytotoxicity and for this reason has limited use [217]. α-MMC
will inhibit the immune system through the inhibition of different cytokines such as IL-1β,
IL-2, IL-8, IL-9, IL-12, MIP-1α/β, and MCP-1 [218].

Another member of the RIP family is curcin, which can inhibit the growth of several
tumors such as osteosarcoma cell line U20S [219].

Articularin-D (RIP family member) can selectively inhibit different cell lines such as
T-cell leukemia [220].

12. Future Perspective and Conclusions

The key point of this review is to suggest drugs that have as a target the ribosome
in cancer cells, as opposed to normal cells, because in cancer cells the protein synthesis is
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unbalanced, and many pathways are shown to have an influence. Combination therapy
between many drugs has proven to be very effective in various cancer cells, but when it
comes to inhibiting ribosome biogenesis with classic chemotherapeutic drugs, targeted
therapies, or immunotherapies, a greater lethal effect can be achieved than with current
treatment. The cancer cells might express onco-ribosomes that are different from normal
ribosomes and participate in the process of cell transformation. The ribosomes from normal
cells are heterogeneous and specialized. Several ribosomal proteins, such as RPS7/eS7,
RPS25/eS25, and RPL10/uL1, have been shown to be in sub-stoichiometric abundance and
demonstrate different roles [11].

Pol I transcription can become a novel therapeutic approach in the fight against
cancer diseases. It has been convincingly demonstrated that many anti-cancer drugs can
target various steps of ribosome biogenesis and rRNA synthesis [85]. Inhibition of Pol I
transcription has been shown to have an advantage in cancer treatment. Regardless of
the heterogeneity in cancer cells, in most of them, ribosome biogenesis is increased, and
rRNA synthesis supports uncontrolled proliferation. This makes Pol I an exceptional target
in almost all cancer cells. All this makes Pol I inhibition a good indicator for therapy.
Furthermore, a combination of Pol I inhibition and drugs that are used for this reason
will not only increase the effectiveness of the treatment but also reduce the possibility of
developing acquired resistance.

Author Contributions: G.T. and L.S. wrote the manuscript. S.C., M.E., F.A., R.H., A.A.F. and I.Y.
corrected and added different paragraphs. L.S., G.T. and S.C. corrected and supervised all the work.
All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Orelle, C.; Carlson, E.D.; Szal, T.; Florin, T.; Jewett, M.; Mankin, A.S. Protein synthesis by ribosomes with tethered subunits.

Nature 2015, 524, 119–124. [CrossRef]
2. Aleksashin, N.A.; Leppik, M.; Hockenberry, A.J.; Klepacki, D.; Vázquez-Laslop, N.; Jewett, M.C.; Remme, J.; Mankin, A.S.

Assembly and functionality of the ribosome with tethered subunits. Nat. Commun. 2019, 10, 930. [CrossRef] [PubMed]
3. Fabret, C.; Namy, O. Translational accuracy of a tethered ribosome. Nucleic Acids Res. 2021, 49, 5308–5318. [CrossRef] [PubMed]
4. Kearse, M.G.; Wilusz, J.E. Non-AUG translation: A new start for protein synthesis in eukaryotes. Genes Dev. 2017, 31, 1717–1731.

[CrossRef] [PubMed]
5. Khatter, H.; Myasnikov, A.G.; Natchiar, S.K.; Klaholz, B.P. Structure of the human 80S ribosome. Nature 2015, 520, 640–645.

[CrossRef] [PubMed]
6. Anger, A.M.; Armache, J.-P.; Berninghausen, O.; Habeck, M.; Subklewe, M.; Wilson, D.; Beckmann, R. Structures of the human

and Drosophila 80S ribosome. Nature 2013, 497, 80–85. [CrossRef] [PubMed]
7. Shi, Z.; Fujii, K.; Kovary, K.M.; Genuth, N.R.; Röst, H.L.; Teruel, M.N.; Barna, M. Heterogeneous Ribosomes Preferentially

Translate Distinct Subpools of mRNAs Genome-wide. Mol. Cell 2017, 67, 71–83.e7. [CrossRef] [PubMed]
8. Kondrashov, N.; Pusic, A.; Stumpf, C.R.; Shimizu, K.; Hsieh, A.C.; Xue, S.; Ishijima, J.; Shiroishi, T.; Barna, M. Ribosome-Mediated

Specificity in Hox mRNA Translation and Vertebrate Tissue Patterning. Cell 2011, 145, 383–397. [CrossRef]
9. Preiss, T. All Ribosomes Are Created Equal. Really? Trends Biochem. Sci. 2016, 41, 121–123. [CrossRef]
10. Sulima, S.O.; Dinman, J.D. The Expanding Riboverse. Cells 2019, 8, 1205. [CrossRef]
11. Genuth, N.R.; Barna, M. The Discovery of Ribosome Heterogeneity and Its Implications for Gene Regulation and Organismal

Life. Mol. Cell 2018, 71, 364–374. [CrossRef]
12. De la Cruz, J.; Karbstein, K.; Woolford, J.L., Jr. Functions of Ribosomal Proteins in Assembly of Eukaryotic Ribosomes In Vivo.

Annu. Rev. Biochem. 2015, 84, 93–129. [CrossRef]
13. Penzo, M.; Montanaro, L.; Treré, D.; Derenzini, M. The Ribosome Biogenesis—Cancer Connection. Cells 2019, 8, 55. [CrossRef]
14. Espinar-Marchena, F.J.; Babiano, R.; Cruz, J. Placeholder factors in ribosome biogenesis: Please, pave my way. Microb. Cell 2017,

4, 144–168. [CrossRef]

http://doi.org/10.1038/nature14862
http://doi.org/10.1038/s41467-019-08892-w
http://www.ncbi.nlm.nih.gov/pubmed/30804338
http://doi.org/10.1093/nar/gkab259
http://www.ncbi.nlm.nih.gov/pubmed/33950196
http://doi.org/10.1101/gad.305250.117
http://www.ncbi.nlm.nih.gov/pubmed/28982758
http://doi.org/10.1038/nature14427
http://www.ncbi.nlm.nih.gov/pubmed/25901680
http://doi.org/10.1038/nature12104
http://www.ncbi.nlm.nih.gov/pubmed/23636399
http://doi.org/10.1016/j.molcel.2017.05.021
http://www.ncbi.nlm.nih.gov/pubmed/28625553
http://doi.org/10.1016/j.cell.2011.03.028
http://doi.org/10.1016/j.tibs.2015.11.009
http://doi.org/10.3390/cells8101205
http://doi.org/10.1016/j.molcel.2018.07.018
http://doi.org/10.1146/annurev-biochem-060614-033917
http://doi.org/10.3390/cells8010055
http://doi.org/10.15698/mic2017.05.572


Biomedicines 2022, 10, 2088 16 of 23

15. Bohnsack, K.E.; Bohnsack, M.T. Uncovering the assembly pathway of human ribosomes and its emerging links to disease.
EMBO J. 2019, 38, e100278. [CrossRef]

16. Schmickel, R.D. Quantitation of Human Ribosomal DNA: Hybridization of Human DNA with Ribosomal RNA for Quantitation
and Fractionation. Pediatr. Res. 1973, 7, 5–12. [CrossRef]

17. Stults, D.M.; Killen, M.W.; Pierce, H.H.; Pierce, A.J. Genomic architecture and inheritance of human ribosomal RNA gene clusters.
Genome Res. 2008, 18, 13–18. [CrossRef]

18. Gibbons, J.G.; Branco, A.T.; Godinho, S.A.; Yu, S.; Lemos, B. Concerted copy number variation balances ribosomal DNA dosage
in human and mouse genomes. Proc. Natl. Acad. Sci. USA 2015, 112, 2485–2490. [CrossRef]

19. Henderson, A.S.; Warburton, D.; Atwood, K.C. Location of Ribosomal DNA in the Human Chromosome Complement. Proc. Natl.
Acad. Sci. USA 1972, 69, 3394–3398. [CrossRef]

20. McStay, B. Nucleolar organizer regions: Genomic ‘dark matter’ requiring illumination. Genes Dev. 2016, 30, 1598–1610. [CrossRef]
21. Scherl, A.; Couté, Y.; Déon, C.; Callé, A.; Kindbeiter, K.; Sanchez, J.-C.; Greco, A.; Hochstrasser, D.; Diaz, J.-J. Functional Proteomic

Analysis of Human Nucleolus. Mol. Biol. Cell 2002, 13, 4100–4109. [CrossRef] [PubMed]
22. Huh, W.-K.; Falvo, J.V.; Gerke, L.C.; Carroll, A.S.; Howson, R.W.; Weissman, J.S.; O’Shea, E.K. Global analysis of protein

localization in budding yeast. Nature 2003, 425, 686–691. [CrossRef]
23. Andersen, J.S.; Lyon, C.E.; Fox, A.H.; Leung, A.K.; Lam, Y.W.; Steen, H.; Mann, M.; Lamond, A.I. Directed Proteomic Analysis of

the Human Nucleolus. Curr. Biol. 2002, 12, 1–11. [CrossRef]
24. Andersen, J.S.; Lyon, C.E.; Fox, A.H.; Leung, A.K.; Lam, Y.W.; Steen, H.; Mann, M.; Lamond, A.I. Functional proteomic analysis of

human nucleolus. Mol. Biol. Cell 2002, 13, 4100–4109. [CrossRef]
25. Andersen, J.S.; Lam, Y.W.; Leung, A.K.; Ong, S.-E.; Lyon, C.E.; Lamond, A.; Mann, M. Nucleolar proteome dynamics. Nature 2005,

433, 77–83. [CrossRef]
26. Ahmad, Y.; Boisvert, F.-M.; Gregor, P.; Cobley, A.; Lamond, A.I. NOPdb: Nucleolar Proteome Database–2008 update. Nucleic Acids

Res. 2009, 37, D181–D184. [CrossRef]
27. Tafforeau, L.; Zorbas, C.; Langhendries, J.-L.; Mullineux, S.-T.; Stamatopoulou, V.; Mullier, R.; Wacheul, L.; Lafontaine, D.L.

The Complexity of Human Ribosome Biogenesis Revealed by Systematic Nucleolar Screening of Pre-rRNA Processing Factors.
Mol. Cell 2013, 51, 539–551. [CrossRef]

28. Lempiäinen, H.; Shore, D. Growth control and ribosome biogenesis. Curr. Opin. Cell Biol. 2009, 21, 855–863. [CrossRef]
29. Mahoney, S.J.; Dempsey, J.M.; Blenis, J. Cell Signaling in Protein Synthesis Ribosome Biogenesis and Translation Initiation and

Elongation. Prog. Mol. Biol. Transl. Sci. 2009, 90, 53–107. [CrossRef]
30. Brighenti, E.; Calabrese, C.; Liguori, G.; Giannone, F.A.; Trere, D.; Montanaro, L.; Derenzini, M. Interleukin 6 downregulates p53

expression and activity by stimulating ribosome biogenesis: A new pathway connecting inflammation to cancer. Oncogene 2014,
33, 4396–4406. [CrossRef]

31. Van Riggelen, J.; Yetil, A.; Felsher, D.W. MYC as a regulator of ribosome biogenesis and protein synthesis. Nat. Rev. Cancer 2010,
10, 301–309. [CrossRef]

32. Wu, C.; You, J.; Fu, J.; Wang, X.; Zhang, Y. Phosphatidylinositol 3-Kinase/Akt Mediates Integrin Signaling to Control RNA
Polymerase I Transcriptional Activity. Mol. Cell. Biol. 2016, 36, 1555–1568. [CrossRef]

33. Iadevaia, V.; Liu, R.; Proud, C.G. mTORC1 signaling controls multiple steps in ribosome biogenesis. Semin. Cell Dev. Biol. 2014,
36, 113–120. [CrossRef] [PubMed]

34. Yap, T.A.; Omlin, A.; De Bono, J.S. Development of Therapeutic Combinations Targeting Major Cancer Signaling Pathways.
J. Clin. Oncol. 2013, 31, 1592–1605. [CrossRef]

35. Yip, H.Y.K.; Papa, A. Signaling Pathways in Cancer: Therapeutic Targets, Combinatorial Treatments, and New Developments.
Cells 2021, 10, 659. [CrossRef]

36. Pardee, A.B. G 1 Events and Regulation of Cell Proliferation. Science 1989, 246, 603–608. [CrossRef]
37. Pyronnet, S.; Sonenberg, N. Cell-cycle-dependent translational control. Curr. Opin. Genet. Dev. 2001, 11, 13–18. [CrossRef]
38. Gilles, A.; Frechin, L.; Natchiar, K.; Biondani, G.; von Loeffelholz, O.; Holvec, S.; Malaval, J.-L.; Winum, J.-Y.; Klaholz, B.P.;

Peyron, J.-F. Targeting the Human 80S Ribosome in Cancer: From Structure to Function and Drug Design for Innovative Adjuvant
Therapeutic Strategies. Cells 2020, 9, 629. [CrossRef]

39. Robichaud, N.; Sonenberg, N.; Ruggero, D.; Schneider, R.J. Translational Control in Cancer. Cold Spring Harb. Perspect. Biol. 2019,
11, a032896. [CrossRef]

40. Silvera, D.; Formenti, S.C.; Schneider, R.J. Translational control in cancer. Nat. Rev. Cancer 2010, 10, 254–266. [CrossRef]
41. Pelletier, J.; Thomas, G.; Volarević, S. Ribosome biogenesis in cancer: New players and therapeutic avenues. Nat. Rev. Cancer 2018,

18, 51–63. [CrossRef] [PubMed]
42. Ruggero, D. Translational Control in Cancer Etiology. Cold Spring Harb. Perspect. Biol. 2013, 5, a012336. [CrossRef]
43. Ruggero, D. Revisiting the Nucleolus: From Marker to Dynamic Integrator of Cancer Signaling. Sci. Signal. 2012, 5, pe38.

[CrossRef]
44. Montanaro, L.; Treré, D.; Derenzini, M. Changes in ribosome biogenesis may induce cancer by down-regulating the cell tumor

suppressor potential. Biochim. Biophys. Acta 2012, 1825, 101–110. [CrossRef]

http://doi.org/10.15252/embj.2018100278
http://doi.org/10.1203/00006450-197301000-00002
http://doi.org/10.1101/gr.6858507
http://doi.org/10.1073/pnas.1416878112
http://doi.org/10.1073/pnas.69.11.3394
http://doi.org/10.1101/gad.283838.116
http://doi.org/10.1091/mbc.e02-05-0271
http://www.ncbi.nlm.nih.gov/pubmed/12429849
http://doi.org/10.1038/nature02026
http://doi.org/10.1016/S0960-9822(01)00650-9
http://doi.org/10.1091/mbc.e02-05-0271
http://doi.org/10.1038/nature03207
http://doi.org/10.1093/nar/gkn804
http://doi.org/10.1016/j.molcel.2013.08.011
http://doi.org/10.1016/j.ceb.2009.09.002
http://doi.org/10.1016/S1877-1173(09)90002-3
http://doi.org/10.1038/onc.2014.1
http://doi.org/10.1038/nrc2819
http://doi.org/10.1128/MCB.00004-16
http://doi.org/10.1016/j.semcdb.2014.08.004
http://www.ncbi.nlm.nih.gov/pubmed/25148809
http://doi.org/10.1200/JCO.2011.37.6418
http://doi.org/10.3390/cells10030659
http://doi.org/10.1126/science.2683075
http://doi.org/10.1016/S0959-437X(00)00150-7
http://doi.org/10.3390/cells9030629
http://doi.org/10.1101/cshperspect.a032896
http://doi.org/10.1038/nrc2824
http://doi.org/10.1038/nrc.2017.104
http://www.ncbi.nlm.nih.gov/pubmed/29192214
http://doi.org/10.1101/cshperspect.a012336
http://doi.org/10.1126/scisignal.2003477
http://doi.org/10.1016/j.bbcan.2011.10.006


Biomedicines 2022, 10, 2088 17 of 23

45. Pelletier, J.; Riaño-Canalias, F.; Almacellas, E.; Mauvezin, C.; Samino, S.; Feu, S.; Menoyo, S.; Domostegui, A.; Garcia-Cajide, M.;
Salazar, R.; et al. Nucleotide depletion reveals the impaired ribosome biogenesis checkpoint as a barrier against DNA damage.
EMBO J. 2020, 39, e103838. [CrossRef]

46. Xu, X.; Xiong, X.; Sun, Y. The role of ribosomal proteins in the regulation of cell proliferation, tumorigenesis, and genomic
integrity. Sci. China Life Sci. 2016, 59, 656–672. [CrossRef]

47. Drygin, D.; Rice, W.G.; Grummt, I. The RNA Polymerase I Transcription Machinery: An Emerging Target for the Treatment of
Cancer. Annu. Rev. Pharmacol. Toxicol. 2010, 50, 131–156. [CrossRef]

48. Whittaker, S.; Martin, M.; Marais, R. All Roads Lead to the Ribosome. Cancer Cell 2010, 18, 5–6. [CrossRef]
49. Henras, A.K.; Plisson-Chastang, C.; O’Donohue, M.-F.; Chakraborty, A.; Gleizes, P.-E. An overview of pre-ribosomal RNA

processing in eukaryotes. Wiley Interdiscip. Rev. RNA 2015, 6, 225–242. [CrossRef]
50. Klein, J.; Grummt, I. Cell cycle-dependent regulation of RNA polymerase I transcription: The nucleolar transcription factor UBF

is inactive in mitosis and early G1. Proc. Natl. Acad. Sci. USA 1999, 96, 6096–6101. [CrossRef]
51. Ruggero, D.; Pandolfi, P.P. Does the ribosome translate cancer? Nat. Rev. Cancer 2003, 3, 179–192. [CrossRef]
52. Barna, M.; Pusic, A.; Zollo, O.; Costa, M.; Kondrashov, N.; Rego, E.; Rao, P.H.; Ruggero, D. Suppression of Myc oncogenic activity

by ribosomal protein haploinsufficiency. Nature 2008, 456, 971–975. [CrossRef]
53. Staley, J.P.; Woolford, J.L., Jr. Assembly of ribosomes and spliceosomes: Complex ribonucleoprotein machines. Curr. Opin. Cell

Biol. 2009, 21, 109–118. [CrossRef]
54. James, A.; Wang, Y.; Raje, H.; Rosby, R.; DiMario, P. Nucleolar stress with and without p53. Nucleus 2014, 5, 402–426. [CrossRef]
55. Hein, N.; Hannan, K.M.; George, A.J.; Sanij, E.; Hannan, R.D. The nucleolus: An emerging target for cancer therapy. Trends Mol.

Med. 2013, 19, 643–654. [CrossRef]
56. Lafontaine, D.L. Noncoding RNAs in eukaryotic ribosome biogenesis and function. Nat. Struct. Mol. Biol. 2015, 22, 11–19.

[CrossRef]
57. Watkins, N.J.; Bohnsack, M.T. The box C/D and H/ACA snoRNPs: Key players in the modification, processing and the dynamic

folding of ribosomal RNA. Wiley Interdiscip. Rev. RNA 2012, 3, 397–414. [CrossRef]
58. Nieto, B.; Gaspar, S.G.; Moriggi, G.; Pestov, D.G.; Bustelo, X.R.; Dosil, M. Identification of distinct maturation steps involved in

human 40S ribosomal subunit biosynthesis. Nat. Commun. 2020, 11, 156. [CrossRef]
59. Hein, N.; Cameron, D.P.; Hannan, K.M.; Nguyen, N.-Y.N.; Fong, C.Y.; Sornkom, J.; Wall, M.; Pavy, M.; Cullinane, C.;

Diesch, J.; et al. Inhibition of Pol I transcription treats murine and human AML by targeting the leukemia-initiating cell
population. Blood 2017, 129, 2882–2895. [CrossRef]

60. Prakash, V.; Carson, B.B.; Feenstra, J.M.; Dass, R.A.; Sekyrova, P.; Hoshino, A.; Petersen, J.; Guo, Y.; Parks, M.M.;
Kurylo, C.M.; et al. Ribosome biogenesis during cell cycle arrest fuels EMT in development and disease. Nat. Commun. 2019,
10, 2110. [CrossRef] [PubMed]

61. Awad, D.; Prattes, M.; Kofler, L.; Rössler, I.; Loibl, M.; Pertl, M.; Zisser, G.; Wolinski, H.; Pertschy, B.; Bergler, H. Inhibiting
eukaryotic ribosome biogenesis. BMC Biol. 2019, 17, 46. [CrossRef] [PubMed]

62. Loibl, M.; Klein, I.; Prattes, M.; Schmidt, C.; Kappel, L.; Zisser, G.; Gungl, A.; Krieger, E.; Pertschy, B.; Bergler, H. The Drug
Diazaborine Blocks Ribosome Biogenesis by Inhibiting the AAA-ATPase Drg1. J. Biol. Chem. 2014, 289, 3913–3922. [CrossRef]
[PubMed]

63. Prattes, M.; Grishkovskaya, I.; Hodirnau, V.-V.; Rössler, I.; Klein, I.; Hetzmannseder, C.; Zisser, G.; Gruber, C.C.; Gruber, K.;
Haselbach, D.; et al. Structural basis for inhibition of the AAA-ATPase Drg1 by diazaborine. Nat. Commun. 2021, 12, 3483.
[CrossRef] [PubMed]

64. Lv, C.; Zeng, H.W.; Wang, J.X.; Yuan, X.; Zhang, C.; Fang, T.; Yang, P.M.; Wu, T.; Zhou, Y.D.; Nagle, D.G.; et al. The antitumor
natural product tanshinone IIA inhibits protein kinase C and acts synergistically with 17-AAG. Cell Death Dis. 2018, 9, 165.
[CrossRef]

65. Lin, C.Y.; Chang, T.W.; Hsieh, W.H.; Hung, M.C.; Lin, I.H.; Lai, S.C.; Tzeng, Y.J. Simultaneous induction of apoptosis and
necroptosis by Tanshinone IIA in human hepatocellular carcinoma HepG2 cells. Cell Death Discov. 2016, 2, 16065. [CrossRef]

66. Chiu, S.C.; Huang, S.Y.; Chen, S.P.; Su, C.C.; Chiu, T.L.; Pang, C.-Y. Tanshinone IIA inhibits human prostate cancer cells growth by
induction of endoplasmic reticulum stress in vitro and in vivo. Prostate Cancer Prostatic Dis. 2013, 16, 315–322. [CrossRef]

67. Gregory, E.J.; Cohen, S.C.; Oines, D.W.; Mims, C.H. Megestrol acetate therapy for advanced breast cancer. J. Clin. Oncol. 1985,
3, 155–160. [CrossRef]

68. Johnson, P.A.; Bonomi, P.D.; Anderson, K.M.; Wolter, J.M.; Economou, S.G. Megestrol acetate: First-line therapy for advanced
breast cancer. Semin. Oncol. 1986, 13 (Suppl. 4), 15–19.

69. Pronzato, P.; Brema, F.; Amoroso, D.; Bertelli, G.; Conte, P.; Martini, M.C.; Pastorino, G.; Rosso, R. Megestrol acetate: Phase II
study of a single daily administration in advanced breast cancer. Breast Cancer Res. Treat. 1990, 17, 51–54. [CrossRef]

70. Diogo, C.V.; Machado, N.G.; Barbosa, I.A.; Serafim, T.; Burgeiro, A.A.C.; Oliveira, P. Berberine as a Promising Safe Anti-Cancer
Agent- Is there a Role for Mitochondria? Curr. Drug Targets 2011, 12, 850–859. [CrossRef]

71. Luzina, O.A.; Salakhutdinov, N.F. Biological activity of usnic acid and its derivatives: Part 2. effects on higher organisms.
Molecular and physicochemical aspects. Russ. J. Bioorg. Chem. 2016, 42, 249–268. [CrossRef]

72. Luzina, O.A.; Salakhutdinov, N.F. Usnic acid and its derivatives for pharmaceutical use: A patent review (2000–2017). Expert
Opin. Ther. Pat. 2018, 28, 477–491. [CrossRef]

http://doi.org/10.15252/embj.2019103838
http://doi.org/10.1007/s11427-016-0018-0
http://doi.org/10.1146/annurev.pharmtox.010909.105844
http://doi.org/10.1016/j.ccr.2010.06.008
http://doi.org/10.1002/wrna.1269
http://doi.org/10.1073/pnas.96.11.6096
http://doi.org/10.1038/nrc1015
http://doi.org/10.1038/nature07449
http://doi.org/10.1016/j.ceb.2009.01.003
http://doi.org/10.4161/nucl.32235
http://doi.org/10.1016/j.molmed.2013.07.005
http://doi.org/10.1038/nsmb.2939
http://doi.org/10.1002/wrna.117
http://doi.org/10.1038/s41467-019-13990-w
http://doi.org/10.1182/blood-2016-05-718171
http://doi.org/10.1038/s41467-019-10100-8
http://www.ncbi.nlm.nih.gov/pubmed/31068593
http://doi.org/10.1186/s12915-019-0664-2
http://www.ncbi.nlm.nih.gov/pubmed/31182083
http://doi.org/10.1074/jbc.M113.536110
http://www.ncbi.nlm.nih.gov/pubmed/24371142
http://doi.org/10.1038/s41467-021-23854-x
http://www.ncbi.nlm.nih.gov/pubmed/34108481
http://doi.org/10.1038/s41419-017-0247-5
http://doi.org/10.1038/cddiscovery.2016.65
http://doi.org/10.1038/pcan.2013.38
http://doi.org/10.1200/JCO.1985.3.2.155
http://doi.org/10.1007/BF01812684
http://doi.org/10.2174/138945011795528930
http://doi.org/10.1134/S1068162016030109
http://doi.org/10.1080/13543776.2018.1472239


Biomedicines 2022, 10, 2088 18 of 23

73. Kashyap, D.; Sharma, A.; Tuli, H.S.; Sak, K.; Mukherjee, T.; Bishayee, A. Molecular targets of celastrol in cancer: Recent trends
and advancements. Crit. Rev. Oncol. Hematol. 2018, 128, 70–81. [CrossRef]

74. Xiong, W.; Li, W.-H.; Jiang, Y.-X.; Liu, S.; Ai, Y.-Q.; Liu, R.; Chang, L.; Zhang, M.; Wang, X.-L.; Bai, H.; et al. Parecoxib: An
Enhancer of Radiation Therapy for Colorectal Cancer. Asian Pac. J. Cancer Prev. 2015, 16, 627–633. [CrossRef]

75. Li, L.-Y.; Xiao, J.; Liu, Q.; Xia, K. Parecoxib inhibits glioblastoma cell proliferation, migration and invasion by up-regulating
miRNA-29c. Biol. Open 2017, 6, 311–316. [CrossRef]

76. Watanabe, M.; Kodaira, S.; Takahashi, T.; Tominaga, T.; Hojo, K.; Kato, T.; Kunitomo, K.; Isomoto, H.; Ohashi, Y.; Yasutomi, M.
Randomized trial of the efficacy of adjuvant chemotherapy for colon cancer with combination therapy incorporating the oral
pyrimidine 1-hexylcarbamoyl-5-fluorouracil. Langenbeck Arch. Surg. 2006, 391, 330–337. [CrossRef]

77. Kubota, T.; Fujita, S.; Kodaira, S.; Yamamoto, T.; Josui, K.; Arisawa, Y.; Suto, A.; Ishibiki, K.; Abe, O.; Mabuchi, K.; et al. Antitumor
Activity of Fluoropyrimidines and Thymidylate Synthetase Inhibition. Jpn. J. Cancer Res. 1991, 82, 476–482. [CrossRef]

78. Shelton, J.; Lu, X.; Hollenbaugh, J.A.; Cho, J.H.; Amblard, F.; Schinazi, R.F. Metabolism, Biochemical Actions, and Chemical
Synthesis of Anticancer Nucleosides, Nucleotides, and Base Analogs. Chem. Rev. 2016, 116, 14379–14455. [CrossRef]

79. Fang, F.; Hoskins, J.; Butler, J.S. 5-Fluorouracil Enhances Exosome-Dependent Accumulation of Polyadenylated rRNAs. Mol. Cell.
Biol. 2004, 24, 10766–10776. [CrossRef]

80. Greenhalgh, D.A.; Parish, J.H. Effect of 5-fluorouracil combination therapy on RNA processing in human colonic carcinoma cells.
Br. J. Cancer 1990, 61, 415–419. [CrossRef]

81. Hoskins, J.; Butler, J.S. RNA-Based 5-Fluorouracil Toxicity Requires the Pseudouridylation Activity of Cbf5p. Genetics 2008,
179, 323–330. [CrossRef]

82. Kammler, S.; Lykke-Andersen, S.; Jensen, T.H. The RNA Exosome Component hRrp6 Is a Target for 5-Fluorouracil in Human
Cells. Mol. Cancer Res. 2008, 6, 990–995. [CrossRef]

83. Kilic, N.; Aras, S.; Cansaran-Duman, D. Determination of Vulpinic Acid Effect on Apoptosis and mRNA Expression Levels in
Breast Cancer Cell Lines. Anti-Cancer Agents Med. Chem. 2018, 18, 2032–2041. [CrossRef]

84. Zisser, G.; Ohmayer, U.; Mauerhofer, C.; Mitterer, V.; Klein, I.; Rechberger, G.N.; Wolinski, H.; Prattes, M.; Pertschy, B.;
Milkereit, P.; et al. Viewing pre-60S maturation at a minute’s timescale. Nucleic Acids Res. 2018, 46, 3140–3151. [CrossRef]

85. Burger, K.; Mühl, B.; Harasim, T.; Rohrmoser, M.; Malamoussi, A.; Orban, M.; Kellner, M.; Gruber-Eber, A.; Kremmer, E.;
Hölzel, M.; et al. Chemotherapeutic Drugs Inhibit Ribosome Biogenesis at Various Levels. J. Biol. Chem. 2010, 285, 12416–12425.
[CrossRef]

86. Taymaz-Nikerel, H.; Karabekmez, M.E.; Eraslan, S.; Kırdar, B. Doxorubicin induces an extensive transcriptional and metabolic
rewiring in yeast cells. Sci. Rep. 2018, 8, 13672. [CrossRef]

87. Nitiss, J.L. Targeting DNA topoisomerase II in cancer chemotherapy. Nat. Rev. Cancer 2009, 9, 338–350. [CrossRef] [PubMed]
88. Pérez-Arnaiz, C.; Busto, N.; Leal, J.M.; Garcia, B. New Insights into the Mechanism of the DNA/Doxorubicin Interaction. J. Phys.

Chem. B 2014, 118, 1288–1295. [CrossRef] [PubMed]
89. Bolzán, A.D.; Bianchi, M.S. Genotoxicity of streptonigrin: A review. Mutat. Res. Mutat. Res. 2001, 488, 25–37. [CrossRef]
90. Shen, M.; Wu, M.-Y.; Chen, L.-P.; Zhi, Q.; Gong, F.-R.; Chen, K.; Li, D.-M.; Wu, Y.; Tao, M.; Li, W. Cantharidin represses invasion of

pancreatic cancer cells through accelerated degradation of MMP2 mRNA. Sci. Rep. 2015, 5, 11836. [CrossRef] [PubMed]
91. Horigome, C.; Okada, T.; Matsuki, K.; Mizuta, K. A Ribosome Assembly Factor Ebp2p, the Yeast Homolog of EBNA1-Binding

Protein 2, Is Involved in the Secretory Response. Biosci. Biotechnol. Biochem. 2008, 72, 1080–1086. [CrossRef]
92. Wimalasena, T.T.; Enjalbert, B.; Guillemette, T.; Plumridge, A.; Budge, S.; Yin, Z.; Brown, A.J.; Archer, D.B. Impact of the unfolded

protein response upon genome-wide expression patterns, and the role of Hac1 in the polarized growth, of Candida albicans.
Fungal Genet. Biol. 2008, 45, 1235–1247. [CrossRef]

93. Yabuki, Y.; Katayama, M.; Kodama, Y.; Sakamoto, A.; Yatsuhashi, A.; Funato, K.; Mizuta, K. Arp2/3 complex and Mps3 are
required for regulation of ribosome biosynthesis in the secretory stress response. Yeast 2017, 34, 155–163. [CrossRef]

94. Rajagopalan, P.T.R.; Zhang, Z.; McCourt, L.; Dwyer, M.; Benkovic, S.J.; Hammes, G.G. Interaction of dihydrofolate reductase with
methotrexate: Ensemble and single-molecule kinetics. Proc. Natl. Acad. Sci. USA 2002, 99, 13481–13486. [CrossRef]

95. Wang, Y.-C.; Chiang, E.-P.I. Low-Dose Methotrexate Inhibits Methionine S-Adenosyltransferase In Vitro and In Vivo. Mol. Med.
2011, 18, 423–432. [CrossRef]

96. Albrecht, L.V.; Bui, M.H.; De Robertis, E.M. Canonical Wnt is inhibited by targeting one-carbon metabolism through methotrexate
or methionine deprivation. Proc. Natl. Acad. Sci. USA 2019, 116, 2987–2995. [CrossRef]

97. Liu, P.Y.; Tee, A.E.; Milazzo, G.; Hannan, K.; Maag, J.; Mondal, S.; Atmadibrata, B.; Bartonicek, N.; Peng, H.; Ho, N.; et al. The
long noncoding RNA lncNB1 promotes tumorigenesis by interacting with ribosomal protein RPL35. Nat. Commun. 2019, 10, 5026.
[CrossRef]

98. Weissmiller, A.; Wang, J.; Lorey, S.L.; Howard, G.; Martinez, E.; Liu, Q.; Tansey, W.P. Inhibition of MYC by the SMARCB1 tumor
suppressor. Nat. Commun. 2019, 10, 2014. [CrossRef]

99. Mei, Y.; Wu, M. Noncoding RNAs Regulating p53 and c-Myc Signaling. In The Long and Short Non-Coding RNAs in Cancer Biology;
Advances in Experimental Medicine and Biology; Springer: Singapore, 2016; Volume 927, pp. 337–365. [CrossRef]

100. Dai, M.S.; Arnold, H.; Sun, X.X.; Sears, R.; Lu, H. Inhibition of c-Myc activity by ribosomal protein L11. EMBO J. 2007,
26, 3332–3345. [CrossRef]

http://doi.org/10.1016/j.critrevonc.2018.05.019
http://doi.org/10.7314/apjcp.2015.16.2.627
http://doi.org/10.1242/bio.021410
http://doi.org/10.1007/s00423-006-0044-6
http://doi.org/10.1111/j.1349-7006.1991.tb01873.x
http://doi.org/10.1021/acs.chemrev.6b00209
http://doi.org/10.1128/MCB.24.24.10766-10776.2004
http://doi.org/10.1038/bjc.1990.91
http://doi.org/10.1534/genetics.107.082727
http://doi.org/10.1158/1541-7786.MCR-07-2217
http://doi.org/10.2174/1871520618666180903101803
http://doi.org/10.1093/nar/gkx1293
http://doi.org/10.1074/jbc.M109.074211
http://doi.org/10.1038/s41598-018-31939-9
http://doi.org/10.1038/nrc2607
http://www.ncbi.nlm.nih.gov/pubmed/19377506
http://doi.org/10.1021/jp411429g
http://www.ncbi.nlm.nih.gov/pubmed/24417409
http://doi.org/10.1016/S1383-5742(00)00062-4
http://doi.org/10.1038/srep11836
http://www.ncbi.nlm.nih.gov/pubmed/26135631
http://doi.org/10.1271/bbb.70817
http://doi.org/10.1016/j.fgb.2008.06.001
http://doi.org/10.1002/yea.3221
http://doi.org/10.1073/pnas.172501499
http://doi.org/10.2119/molmed.2011.00048
http://doi.org/10.1073/pnas.1820161116
http://doi.org/10.1038/s41467-019-12971-3
http://doi.org/10.1038/s41467-019-10022-5
http://doi.org/10.1007/978-981-10-1498-7_13
http://doi.org/10.1038/sj.emboj.7601776


Biomedicines 2022, 10, 2088 19 of 23

101. Liao, J.-M.; Zhou, X.; Gatignol, A.; Lu, H. Ribosomal proteins L5 and L11 co-operatively inactivate c-Myc via RNA-induced
silencing complex. Oncogene 2014, 33, 4916–4923. [CrossRef]

102. Zhou, X.; Hao, Q.; Liao, J.-M.; Liao, P.; Lu, H. Ribosomal Protein S14 Negatively Regulates c-Myc Activity. J. Biol. Chem. 2013,
288, 21793–21801. [CrossRef]

103. Challagundla, K.B.; Sun, X.-X.; Zhang, X.; DeVine, T.; Zhang, Q.; Sears, R.C.; Dai, M.-S. Ribosomal Protein L11 Recruits
miR-24/miRISC To Repress c-Myc Expression in Response to Ribosomal Stress. Mol. Cell. Biol. 2011, 31, 4007–4021. [CrossRef]

104. Wang, M.; Hu, Y.; Stearns, M.E. RPS2: A novel therapeutic target in prostate cancer. J. Exp. Clin. Cancer Res. 2009, 28, 6. [CrossRef]
105. McCool, M.A.; Bryant, C.J.; Baserga, S.J. MicroRNAs and long non-coding RNAs as novel regulators of ribosome biogenesis.

Biochem. Soc. Trans. 2020, 48, 595–612. [CrossRef]
106. Reza, A.M.M.T.; Choi, Y.-J.; Yuan, Y.-G.; Das, J.; Yasuda, H.; Kim, J.-H. MicroRNA-7641 is a regulator of ribosomal proteins and a

promising targeting factor to improve the efficacy of cancer therapy. Sci. Rep. 2017, 7, 8365. [CrossRef]
107. Ferreira, R.; Schneekloth, J.J.S., Jr.; Panov, K.I.; Hannan, K.M.; Hannan, R.D. Targeting the RNA Polymerase I Transcription for

Cancer Therapy Comes of Age. Cells 2020, 9, 266. [CrossRef] [PubMed]
108. Drygin, D.; Siddiqui-Jain, A.; O’Brien, S.; Schwaebe, M.; Lin, A.; Bliesath, J.; Ho, C.B.; Proffitt, C.; Trent, K.; Whitten, J.P.; et al.

Anticancer Activity of CX-3543: A Direct Inhibitor of rRNA Biogenesis. Cancer Res. 2009, 69, 7653–7661. [CrossRef] [PubMed]
109. Cong, R.; Das, S.; Ugrinova, I.; Kumar, S.; Mongelard, F.; Wong, J.; Bouvet, P. Interaction of nucleolin with ribosomal RNA genes

and its role in RNA polymerase I transcription. Nucleic Acids Res. 2012, 40, 9441–9454. [CrossRef] [PubMed]
110. Peltonen, K.; Colis, L.; Liu, H.; Jäämaa, S.; Zhang, Z.; Hällström, T.A.; Moore, H.M.; Sirajuddin, P.; Laiho, M. Small Molecule

BMH-Compounds That Inhibit RNA Polymerase I and Cause Nucleolar Stress. Mol. Cancer Ther. 2014, 13, 2537–2546. [CrossRef]
[PubMed]

111. Durut, N.; Sáez-Vásquez, J. Nucleolin: Dual roles in rDNA chromatin transcription. Gene 2015, 556, 7–12. [CrossRef]
112. Papadopoulos, K.; Mita, A.; Ricart, A.; Hufnagel, D.; Northfelt, D.; Von Hoff, D.; Darjania, L.; Lim, J.; Padgett, C.; Marschke, R.

Pharmacokinetic findings from the phase I study of Quarfloxin (CX-3543): A protein-rDNA quadruplex inhibitor, in patients
with advanced solid tumors. In Proceedings of the AACR-NCI-EORTC International Conference: Molecular Targets and Cancer
Therapeutics, San Francisco, CA, USA, 22–26 October 2007.

113. Abdelmohsen, K.; Gorospe, M. RNA-binding protein nucleolin in disease. RNA Biol. 2012, 9, 799–808. [CrossRef]
114. Drygin, D.; Lin, A.; Bliesath, J.; Ho, C.B.; O’Brien, S.E.; Proffitt, C.; Omori, M.; Haddach, M.; Schwaebe, M.K.; Siddiqui-Jain, A.; et al.

Targeting RNA Polymerase I with an Oral Small Molecule CX-5461 Inhibits Ribosomal RNA Synthesis and Solid Tumor Growth.
Cancer Res. 2011, 71, 1418–1430. [CrossRef]

115. Mars, J.-C.; Tremblay, M.G.; Valere, M.; Sibai, D.S.; Sabourin-Felix, M.; Lessard, F.; Moss, T. The chemotherapeutic agent CX-5461
irreversibly blocks RNA polymerase I initiation and promoter release to cause nucleolar disruption, DNA damage and cell
inviability. NAR Cancer 2020, 2, zcaa032. [CrossRef]

116. Bywater, M.J.; Poortinga, G.; Sanij, E.; Hein, N.; Peck, A.; Cullinane, C.; Wall, M.; Cluse, L.; Drygin, D.; Anderes, K.; et al.
Inhibition of RNA Polymerase I as a Therapeutic Strategy to Promote Cancer-Specific Activation of p53. Cancer Cell 2012,
22, 51–65. [CrossRef]

117. Negi, S.S.; Brown, P. rRNA synthesis inhibitor, CX-5461, activates ATM/ATR pathway in acute lymphoblastic leukemia, arrests
cells in G2 phase and induces apoptosis. Oncotarget 2015, 6, 18094–18104. [CrossRef]

118. Lee, H.C.; Wang, H.; Baladandayuthapani, V.; Lin, H.; He, J.; Jones, R.J.; Kuiatse, I.; Gu, D.; Wang, Z.; Ma, W.; et al. RNA
Polymerase I Inhibition with CX-5461 as a Novel Therapeutic Strategy to TargetMYCin Multiple Myeloma. Br. J. Haematol. 2017,
177, 80–94. [CrossRef]

119. Lawrence, M.G.; Obinata, D.; Sandhu, S.; Selth, L.; Wong, S.Q.; Porter, L.H.; Lister, N.; Pook, D.; Pezaro, C.J.; Goode, D.L.; et al.
Patient-derived Models of Abiraterone- and Enzalutamide-resistant Prostate Cancer Reveal Sensitivity to Ribosome-directed
Therapy. Eur. Urol. 2018, 74, 562–572. [CrossRef]

120. Xu, H.; Di Antonio, M.; McKinney, S.; Mathew, V.; Ho, B.; O’Neil, N.; Dos Santos, N.; Silvester, J.; Wei, V.; Garcia, J.; et al. CX-5461
is a DNA G-quadruplex stabilizer with selective lethality in BRCA1/2 deficient tumours. Nat. Commun. 2017, 8, 14432. [CrossRef]

121. Kim, D.-W.; Wu, N.; Kim, Y.-C.; Cheng, P.F.; Basom, R.; Kim, D.; Dunn, C.T.; Lee, A.Y.; Kim, K.; Lee, C.S.; et al. Genetic requirement
for Mycl and efficacy of RNA Pol I inhibition in mouse models of small cell lung cancer. Genes Dev. 2016, 30, 1289–1299. [CrossRef]

122. Cornelison, R.; Dobbin, Z.C.; Katre, A.A.; Jeong, D.H.; Zhang, Y.; Chen, D.; Petrova, Y.; Llaneza, D.C.; Steg, A.D.; Parsons, L.; et al.
Targeting RNA-Polymerase I in Both Chemosensitive and Chemoresistant Populations in Epithelial Ovarian Cancer. Clin. Cancer
Res. 2017, 23, 6529–6540. [CrossRef]

123. Pan, M.; Wright, W.C.; Chapple, R.H.; Zubair, A.F.; Sandhu, M.; Batchelder, J.E.; Huddle, B.C.; Low, J.; Blankenship, K.B.;
Wang, Y.; et al. The chemotherapeutic CX-5461 primarily targets TOP2B and exhibits selective activity in high-risk neuroblastoma.
Nat. Commun. 2021, 12, 6468. [CrossRef]

124. Low, J.Y.; Sirajuddin, P.; Moubarek, M.; Agarwal, S.; Rege, A.; Guner, G.; Liu, H.; Yang, Z.; De Marzo, A.M.; Bieberich, C.; et al.
Effective targeting of RNA polymerase I in treatment-resistant prostate cancer. Prostate 2019, 79, 1837–1851. [CrossRef]

125. Wilson, D.N. Ribosome-targeting antibiotics and mechanisms of bacterial resistance. Nat. Rev. Microbiol. 2014, 12, 35–48.
[CrossRef]

126. Gupta, V.; Warner, J.R. Ribosome-omics of the human ribosome. RNA 2014, 20, 1004–1013. [CrossRef] [PubMed]

http://doi.org/10.1038/onc.2013.430
http://doi.org/10.1074/jbc.M112.445122
http://doi.org/10.1128/MCB.05810-11
http://doi.org/10.1186/1756-9966-28-6
http://doi.org/10.1042/BST20190854
http://doi.org/10.1038/s41598-017-08737-w
http://doi.org/10.3390/cells9020266
http://www.ncbi.nlm.nih.gov/pubmed/31973211
http://doi.org/10.1158/0008-5472.CAN-09-1304
http://www.ncbi.nlm.nih.gov/pubmed/19738048
http://doi.org/10.1093/nar/gks720
http://www.ncbi.nlm.nih.gov/pubmed/22859736
http://doi.org/10.1158/1535-7163.MCT-14-0256
http://www.ncbi.nlm.nih.gov/pubmed/25277384
http://doi.org/10.1016/j.gene.2014.09.023
http://doi.org/10.4161/rna.19718
http://doi.org/10.1158/0008-5472.CAN-10-1728
http://doi.org/10.1093/narcan/zcaa032
http://doi.org/10.1016/j.ccr.2012.05.019
http://doi.org/10.18632/oncotarget.4093
http://doi.org/10.1111/bjh.14525
http://doi.org/10.1016/j.eururo.2018.06.020
http://doi.org/10.1038/ncomms14432
http://doi.org/10.1101/gad.279307.116
http://doi.org/10.1158/1078-0432.CCR-17-0282
http://doi.org/10.1038/s41467-021-26640-x
http://doi.org/10.1002/pros.23909
http://doi.org/10.1038/nrmicro3155
http://doi.org/10.1261/rna.043653.113
http://www.ncbi.nlm.nih.gov/pubmed/24860015


Biomedicines 2022, 10, 2088 20 of 23

127. Kim, H.; Abeysirigunawarden, S.C.; Chen, K.; Mayerle, M.; Ragunathan, K.; Luthey-Schulten, Z.; Ha, T.; Woodson, S.A.
Protein-guided RNA dynamics during early ribosome assembly. Nature 2014, 506, 334–338. [CrossRef] [PubMed]

128. Jorgensen, P.; Rupeš, I.; Sharom, J.R.; Schneper, L.; Broach, J.R.; Tyers, M. A dynamic transcriptional network communicates
growth potential to ribosome synthesis and critical cell size. Genes Dev. 2004, 18, 2491–2505. [CrossRef] [PubMed]

129. Von der Haar, T. Mathematical and computational modelling of ribosomal movement and protein synthesis: An overview.
Comput. Struct. Biotechnol. J. 2012, 1, e201204002. [CrossRef] [PubMed]
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