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Abstract Ribosome biogenesis is a multi-step process that initiates within the nucleolus, ter-
minates in the cytoplasm, and determines the rate of protein synthesis. Ribosome biogenesis is
essential for maintaining liver function. In eukaryotes, it involves producing and assembling
approximately 200 factors and 80 ribosomal proteins. Mutations in ribosome proteins, ribo-
somal RNA processing, and ribosome assembly factors in the liver can result in liver disease.
Hepatitis C virus causes acute or chronic infection and liver disease, which can progress to liver
cirrhosis, cancer, and death. This review provides an overview of the effects of ribosomal
biogenesis, including ribosomal RNA, ribosomal proteins, and ribosome biogenesis factors,
on liver regeneration, hepatitis C virus, nonalcoholic fatty liver disease, liver fibrosis, cirrhosis,
and liver cancer. It lists drugs that exploit ribosome biogenesis to treat liver cancer. Targeting
ribosome biogenesis shows promise as a therapeutic approach. A better understanding of this
process will contribute to developing effective and targeted therapeutic strategies for ribo-
some biogenesis disorders.
ª 2025 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co.,
Ltd. This is an open access article under the CC BY license (http://creativecommons.org/
licenses/by/4.0/).
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Introduction

The primary function of ribosomes is to synthesize proteins
using mRNA as a template and amino acids as raw mate-
rials.1,2 Ribosomes impact the rate of protein synthesis and
play a role in cell proliferation, differentiation, apoptosis,
and transformation.3e5 The liver is an important hub for
material and energy metabolism. Acute or chronic liver
damage is usually caused by alcohol, drugs, and toxic
compounds. If it is not effectively relieved, it can further
deteriorate into hepatitis C virus (HCV), nonalcoholic fatty
liver disease (NAFLD), liver fibrosis, cirrhosis, or liver can-
cer.6 Several studies have shown that ribosomes are
involved in liver growth, disease, and cancer.7,8 In recent
years, increasing evidence has linked ribosome biogenesis
to the liver. This article aims to review the mechanism of
ribosome progression in the liver and provide new insights
into the relationship between ribosome biogenesis and the
liver. Additionally, it explores potential therapeutic ap-
proaches based on the latest findings.
Ribosome and its biogenesis

The ribosome is crucial for protein synthesis within a cell.
The process of ribosome biogenesis involves the creation of
Figure 1 Schematic of ribosome biogenesis. Eukaryotic ribosome
III), transcribing rDNA to rRNA, and producing 47S pre-rRNA in the n
ribosomal proteins (RPs) to form a small ribosomal subunit (40S)
ribosome complex is exported from the nucleolus to the cytoplasm
ribosomes, which are made up of ribosomal RNAs and ri-
bosomal proteins (RPs).9e12 This complex and dynamic
process begins in the nucleolus. It consists of three main
stages: ribosomal DNA (rDNA) transcription into precursor
ribosomal RNA (pre-rRNA), post-transcriptional processing
from pre-rRNA to mature rRNA, and ribosome assembly.13,14

In eukaryotes, ribosome biogenesis requires the coordi-
nated production of over 200 ribosome assembly factors
(Fig. 1).15e17

Eukaryotic ribosomes comprise the small (40S) and large
(60S) subunits. The biogenesis of ribosomes begins with the
transcription of the 47S rDNA into 47S pre-rRNA. This
transcription is carried out by RNA polymerase I (RNA Pol I)
and is coordinated by selectivity factor 1 (SL1), upstream
binding factor (UBF), transcription initiation factor 1 (TIF-
1A), and transcription termination factor 1 (TTF-1).18,19

This is the critical rate-limiting step in ribosome bio-
genesis.20e22 Numerous RPs, non-ribosomal proteins, and
small nucleolar RNAs (snoRNAs) are involved in the pro-
cessing of ribosomal RNA and participate in the splicing
process of ribosomal RNA (rRNA).23e27 The 5S rRNA is
transcribed by RNA polymerase III (RNA Pol III) in the
nucleoplasm and then transported to the nucleolar region
for assembly.28e32 Conversely, the RP-encoding gene is
transcribed by RNA polymerase II (RNA Pol II) in the nucle-
oplasm.33e36 The 47S rRNA rapidly combines with RPs to
biogenesis involves RNA polymerases I/II/III (Pol I, Pol II, and Pol
ucleolus. Subsequently, the four rRNA molecules assemble with
and a large ribosomal subunit (60S). Following assembly, the
, maturing into functional ribosomes for protein synthesis.
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form a ribonucleoprotein complex, undergoes multiple
cleavages, and is eventually cleaved into 28S rRNA, 18S
rRNA, and 5.8S rRNA.37e39

Cleavage and methylation are essential processes in pre-
rRNA maturation into mature rRNA. During this process,
more than 100 nucleotides in the 47S pre-rRNA are meth-
ylated and then cleavage into multiple RNA strands through
a series of enzymatic reactions. The 47S rRNA is cleaved at
the 50 external transcriptional spacers (ETS) by a nuclease,
resulting in the formation of 41S pre-rRNA and the release
of 32S and 20S pre-rRNA. The internal transcriptional spacer
(ITS) is also cleaved to produce mature 28S rRNA, 18S rRNA,
and 5.8S rRNA.40e42 Methylation modification of rRNA oc-
curs with the involvement of a complex formed by snoRNA
and ribonucleoprotein.43e45

RPs are categorized into large ribosomal subunit proteins
(RPL) and small ribosomal subunit proteins (RPs).46,47 They
are transcribed in the nucleoplasm, translated into the
cytoplasm, and then imported into the nucleolus, where
they assemble with their respective ribosomal subunits.48

The 18S rRNA binds to 33 ribosomal small subunit proteins,
forming the 40S small subunit. The 28S rRNA, 5.8S rRNA, and
5S rRNA combine with 46 ribosomal large subunit proteins to
create the 60S large subunit.49,50 The ribosomal subunits are
transported to the cytoplasm for final maturation.51 To
ensure efficient export of subunits, export receptors interact
with the hydrophobic central channel of the nuclear pore
complex.52e54 In the cytoplasm, further rRNA folding,
Figure 2 Schematic of the involvement of various rDNA, rRNA,
ribosome biogenesis in the human liver. RPs act in rDNA transcript
cleavage of the precursor 45S rRNA into rRNA and the assembly of t
processing, assembly, and release of transport factors
contribute to ribosomal subunit maturation.55e58 Once fully
mature, both ribosomal subunits can participate in protein
translation in the cytoplasm.

Ribosome biogenesis: a key regulator of liver
function

Ribosome biogenesis has been linked to several human
diseases, including Diamond-Blackfan anemia,59,60 brachy-
cephaly,61 and spondyloepimetaphyseal dysplasia.62 Addi-
tionally, it is involved in the development of various types
of human cancers, such as lung cancer, gastric cancer, liver
cancer, colorectal cancer, and glioblastoma.63e66 The liver
is one of the most crucial organs within the human body,
being important for functions such as protein synthesis and
lipid/drug metabolism.67 Chronic hepatitis triggers the
proliferation and remodeling of extracellular matrix such as
collagen, leading to liver fibrosis and cirrhosis, and further
develops into liver cancer.68,69 Understanding ribosome
biogenesis in the liver may lead to the development of new
strategies to treat liver disease (Fig. 2).

Ribosome biogenesis and liver regeneration

Liver regeneration is a crucial biological process after liver
injury. Ribosome biogenesis is critical in maintaining liver
ribosomal proteins (RPs), and ribosome biogenesis factors in
ion to generate rRNA. Ribosome biogenesis factors act on the
he 40S small subunit and the 60S large subunit into ribosomes.



Figure 3 Schematic of liver regeneration after liver injury promoted by ribosomal proteins. P70S6K promotes cyclin D DNA
replication and cyclin D protein synthesis and RPS6 promotes cyclin E expression, activating cell cycle progression, and promoting
liver regeneration. DEF/UTP25 recruits Calpain3b to degrade protein substrates, and Def-Capn3 leads to protein accumulation in
the nucleolus, causing nuclear vacuolization and impaired liver regeneration in mice.
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homeostasis and promoting regeneration (Fig. 3).70,71

Studies have shown that during liver regeneration in rats,
there is a substantial increase in ribosomes in the cytoplasm
of hepatocytes. Inhibition of ribosome biogenesis has been
found to reduce the liver regeneration rate.72e74 KEGG
pathway analysis of the termination stage of liver regen-
eration after partial hepatectomy in mice, using iTRAQ,
revealed significant up-regulation of the “ribosome” path-
ways. In contrast, “metabolic pathways” were significantly
down-regulated. These findings suggest that the termina-
tion phase of liver regeneration primarily focuses on
restoring cellular structure and function.75

During rat liver regeneration, increased rRNA synthesis
activates the mechanisms responsible for rRNA transcrip-
tion in the central fibers, forming a distinct pattern known
as dense fibrillar component by binding to ribonucleopro-
tein transcripts.76,77 Following partial liver resection,
enhanced phosphorylation of P70S6 kinase (P70S6K)
through the activation of phosphoinositide 3-kinase (PI3K)/
mechanistic target of rapamycin (mTOR) pathway promotes
cyclin D DNA replication and cyclin D protein synthesis,
thereby promoting hepatocyte proliferation.78,79 The 40S
small subunit synthetic protein RPS6, is a substrate of
P70S6K and promotes cyclin E expression, activating cell
cycle progression and promoting liver regeneration.80,81

DEF/UTP25, a nucleolar protein involved in ribosome
biogenesis, localizes to the nucleolus by recruiting Cal-
pain3b to degrade protein substrates. Disruption of Def-
Capn3 leads to protein accumulation in the nucleolus,
causing nuclear vacuolization and impaired liver
regeneration in mice.82 Increased ribosome biogenesis is
beneficial to liver regeneration after liver injury.
Ribosome biogenesis and HCV

HCV is one of the important pathogens causing chronic liver
infections in humans. Chronic HCV infection can lead to a
series of liver lesions, such as hepatic steatosis, inflam-
mation, fibrosis, cirrhosis, and primary liver cancer.83 Dif-
ferential co-expression analysis of liver gene expression in
samples from HCV cirrhotic patients showed that these
differentially expressed genes may be involved in hepato-
cellular carcinoma (HCC) through the ribosome pathway
and serve as potential therapeutic targets for the treat-
ment of HCC.84

HCV internal ribosome entry site (IRES) contacts the
backbone and bases of the CCC triplet in the 18S ribosomal
RNA expansion segment 7. These contacts provide interplay
between IRES domain II and the AUG codon close to ribo-
somal protein S5, which causes a rearrangement of the 18S
rRNA structure. This activates 40S ribosomes for subsequent
translation initiation steps.85 HCV nonstructural protein 5A
(NS5A) can transduce signals into the nucleoplasm via up-
stream binding transcription factor (UBTF) hyper-
phosphorylation leading to rRNA transcription activation,
resulting in increased ribosome biogenesis, and contrib-
uting to the development of liver fibrosis and cirrhosis.86

HCV-infected livers produce extremely large amounts of
syndecan-1. Syndecan-1 aggravates liver inflammation by



Figure 4 Schematic of ribosome biogenesis and hepatitis C virus (HCV). HCV enters the human body, its internal ribosome entry
site (IRSE) fragment interacts with the 40S small subunit, and its RNA can also directly interact with RNA polymerase I (Pol I) to
promote its protein translation. In addition, nonstructural protein 5A (NS5A) transduces signals into the nucleoplasm through
upstream binding transcription factor (UBTF) hyperphosphorylation, and Syndecan-1 also acts on rRNA transcriptional activation,
thereby increasing ribosome biogenesis.
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activating rDNA translation to promote ribosome biogen-
esis.87 RNA Pol I-transcribed HCV genome RNA replicates
produce an infectious virus and lead to severe hepatic
steatosis in transgenic mice.88 Inhibiting ribosome biogen-
esis reduces HCV synthesis, thereby inhibiting liver deteri-
oration (Fig. 4).
Ribosome biogenesis and NAFLD

NAFLD is a kind of metabolic comprehensive disease caused
by excessive accumulation of fat in the liver without
excessive alcohol consumption.89 Ribosomal protein family
genes (RPL35, RPS3A, RPS8, and MRPL16) are identified as
immune-cell-related biomarkers of NAFLD by bioinformat-
ics and experimental analyses.90 Differentially expressed
genes between the livers of the normal group and the
NAFLD or non-alcoholic steatohepatitis groups were
enriched in ribosomes (RPL36A, RPL14, etc.).91 The PI3K/
mTOR pathway enhances ribosomal protein S6 kinase
(RS6K), resulting in activating eukaryotic initiation factor
4E (eIF4E), leading to the activation of 5 cap-dependent
protein translation leading to NAFLD.92 Fructose-induced
de novo lipogenesis involves RS6K-driven augmentation of
hepatic protein synthesis, a major contributor to hepatic
steatosis in NAFLD. RS6K-driven translation overdrive
coupled with endoplasmic reticulum stress contributes to
lipogenesis, and RS6K inhibition is a therapeutic strategy to
counter fructose-induced hepatic steatosis in NAFLD.93

These results might contribute to understanding the NAFLD
mechanism, conducting experimental research, and
designing clinical practices (Fig. 5).
Ribosome biogenesis and liver fibrosis

Liver fibrosis refers to the diffuse excessive deposition and
abnormal distribution of the liver extracellular matrix,
which is the pathological repair response of the liver to
chronic injury. It is a key step in the development of various
chronic liver diseases to cirrhosis and an important link
affecting the prognosis of chronic liver diseases.94

Increased ribosome biogenesis levels can activate hepatic
stellate cells, thereby aggravating fibrosis (Fig. 6).

An interesting finding is that RPS5 can prevent hepatic
stellate cell activation. When RPS5 is overexpressed, it
leads to the dephosphorylation of Akt at Ser473 and Thr308,
dephosphorylating GSK3b or P70S6K. This cascade of events
ultimately attenuates liver fibrosis induced by dime-
thylnitamine or biliary duct ligation.95,96 Remarkably, CEP-
1347, a therapeutic agent for chronic liver disease and liver
fibrosis, targets RPS5 to inhibit the expression of p70S6K



Figure 5 Ribosomal proteins accelerate lipogenesis, leading to nonalcoholic fatty liver disease (NAFLD). mTORC1 pathway en-
hances ribosomal protein S6 kinase (RS6K), resulting in activating eukaryotic initiation factor 4E (eIF4E), leading to the activation of
liver protein translation leading to NAFLD. Fructose-induced de novo lipogenesis (DNL) involves RS6K-driven augmentation of
hepatic protein synthesis and translation overdrive coupled with endoplasmic reticulum stress contributes to lipogenesis, leading to
NAFLD.
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and the activation of hepatic stellate cells, effectively
blocking the progression of liver fibrosis.97 Additionally,
blocking the activity of p70S6K directly induces apoptosis in
hepatic stellate cells, thereby inhibiting fibrosis. Indirectly,
it also reduces liver damage and inflammation.98 Reducing
the expression of ribosome biogenesis-related proteins
levels inhibits hepatic stellate cell activation and alleviates
liver fibrosis.

Ribosome biogenesis and liver cirrhosis

Liver cirrhosis is a progressive chronic liver disease caused
by a variety of causes and is characterized histologically by
diffuse hepatocyte necrosis, abnormal hepatocyte regen-
eration, angiogenesis, massive proliferation of fibrous tis-
sue, and pseudo-lobule formation.99

Ribosomal protein mutations reduce ribosome biogenesis
and promote liver cirrhosis progression (Fig. 7). Ribosomal
biogenesis is a crucial process required for cell growth and
division. Mutated RPL5 and RPL11 bind to the proto-onco-
gene MDM2 and inhibit the ubiquitination of p53. It is a
congenital ribosomopathy that manifests with symptoms
such as liver cirrhosis.100,101 Mutations in the ribosome as-
sembly factors hUTP4 (human U three protein 4)/Cirhin and
NOL11 (nucleolar protein 11), responsible for synthesizing
18S rRNA, have been found to cause biliary cirrhosis in North
American Indian children.102,103 Another protein, DNAJ heat
shock protein family (Hsp40) member C21 (DNAJC21), plays a
role in synthesizing the 60S ribosomal subunit. Mutations in
DNAJC21 hinder ribosome biogenesis and can lead to he-
reditary bone marrow failure syndrome, often accompanied
by liver cirrhosis.104 Polymeric immunoglobulin receptor
(PIGR) is highly expressed in human liver cirrhotic tissues.
RNA sequencing analysis revealed a significant up-regulation
of various RPs (RPL10, RPL10A, RPL12, RPL19, RPL36, RPL38,
RPL41, RPL6, RPL8, RPS12, RPS14, RPS15A, RPS2, and
RPS27A) in the PIGR overexpression group. This suggests that
PIGR may stimulate the ribosome pathway and contribute to
the development of cirrhosis.105

Ribosome biogenesis and liver cancer

Abnormal increases in nucleolar size and number caused by
dysregulation of ribosome biogenesis have emerged as a
hallmark in most cancers (Fig. 8).106e108 Ribosome biogen-
esis leads to an enlargement of nucleolar organizing regions
(NORs) and using AgNOR staining to label nucleoli is
emerging as a diagnostic marker for cancer cells.109,110

Large amounts of AgNORs in hepatocytes are associated
with an increased risk of HCC in chronic liver disease.111 In a



Figure 6 Ribosomal proteins accelerate the progression of liver fibrosis. Ribosomal protein S5 (RPS5) is overexpressed, it leads to
the dephosphorylation of Akt at Ser473 and Thr308, dephosphorylating glycogen synthase kinase 3b (GSK3b) or P70S6K, ultimately
accelerating the activation of stationary hepatic stellate cells (HSCs). CEP-1347 targets RPS5 to inhibit the expression of p70S6K and
the activation of HSCs, thus accelerating the progression of liver fibrosis.

Figure 7 Ribosomal protein mutations lead to reduced ribosome biogenesis and promote liver cirrhosis. Mutated ribosomal protein
L5 (RPL5) and ribosomal protein L11 (RPL11) bind to the proto-oncogene MDM2 and inhibit the ubiquitination of p53. Mutations in the
ribosome assembly factors hUTP4 (humanU three protein 4)/Cirhin andNOL11 (nucleolar protein 11) inhibit the synthesis of 18S rRNA,
eventually inhibiting ribosome biogenesis leading to cirrhosis. Mutations in the factor DNAJC21 (DNAJ heat shock protein family
(Hsp40) member C21), which synthesizes the 60S ribosome subunit, hinder ribosome biogenesis and lead to cirrhosis.

Overview of ribosome biogenesis 7



Figure 8 Schematic of ribosome biogenesis and liver cancer. RP-Mdm2-p53 pathway reduces ribosome biogenesis, stabilizes the
p53 gene, and inhibits liver cancer. H3K14 acetylation of ribosomal protein S27A (RPS27A) and DNA methylation of ribosomal
protein L23A (RPL23A) and ribosomal protein L30 (RPL30) induces hepatocellular carcinoma (HCC). Eukaryotic initiation factor 4/6
(eIF4 and eIF6) promote liver cancer by promoting ribosome biogenesis. Ribosomal protein S15A (RPS15A) promotes tumor
angiogenesis via enhancing Wnt/beta-catenin-induced fibroblast growth factor 18 (FGF18) expression in HCC. Methyltransferase 5
(METTL5)-mediated 18S rRNA m6A modification promotes 80S ribosome assembly and induces HCC. Telomere repeat binding factor
2 (TRF2) binds to rDNA, promotes rRNA transcription in HCC, and attenuates nucleolar stress-induced HCC cell cycle arrest. Midkine
(MK) and nucleolar and coiled-body phosphoprotein 1 (NOLC1) increase their expression and enhance 47S pre-rRNA transcription to
protect HepG2 from apoptosis and promote cancer growth.
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prospective study of 64 HCC biopsy samples belonging to
different stages (stages I to IVB), Shiro et al classified
AgNORs into T1 (large nucleoli with clear edges) and T2
(thin black nucleoli without clear edges).112 Furthermore,
this study demonstrates that HCC with smaller and/or
irregular T1-NOR combined with high T2-NOR scores have
the potential to be more aggressive. The number of AgNORs
of HCC was significantly higher than those of normal liver
and cirrhotic liver.113 This description corroborates the
findings that AgNOR may be a useful indicator for assessing
disease progression in HCC. In addition, exogenous stresses
such as mechanical and spatial cues (collagen deposition
and extracellular matrix remodeling) in the cirrhotic liver
microenvironment are also factors that influence nucleolar
number and morphology.114 Therefore, the AgNOR Quanti-
tative Committee of the European Society of Pathology
declared it the gold standard. Therefore, the quantitative
distribution of nucleolar-associated AgNORs in interphase is
a reliable predictor of disease progression and clinical
outcome in multiple types of tumors, especially HCC. The
nucleolus serves as the primary site of ribosome biogenesis,
and enhanced ribosome biogenesis is also considered a
predictor of cancer progression.115

Aberrant RNA modifications can lead to dysregulated
gene expression and cancer. RP-Mdm2-p53 pathway re-
duces ribosome biogenesis, stabilizes the p53 gene, and
inhibits liver regeneration without affecting nucleolar
integrity. Upon ribosome biogenesis stress, such as silencing
of RNA Pol I, impaired Ribosome biogenesis checkpoint
(IRBC) complex (RPL5, RPL11, and 5S rRNA) becomes
increasingly directly tethered to MDM2, resulting in sup-
pressed ubiquitination-mediated p53 degradation.
Increased rRNA synthesis also reduces the p53-mediated
response to cytotoxic stress.116e118

Changes in ribosomal protein and rRNA expression
contribute to liver cancer. The increased expression of
various RPs, such as RPS8, RPL12, RPL23a, RPL27, and
RPL30, has been associated with liver tumor growth.119,120

Analysis of databases such as TCCA and GEO reveals that
RPL19 is highly expressed in human HCC tissues, with sig-
nificant enrichment of the cell cycle pathway. This suggests
that RPL19 may play a crucial role in promoting tumor
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progression and could be a promising biomarker and ther-
apeutic target for accurate diagnosis and treatment of
HCC.121 RPL30 reacts with the sera of HCC patients, and
antibodies against RPL30 can be used as tumor markers.122

Furthermore, RPL36 is involved in the early development of
HCC and can serve as an independent and potential prog-
nostic marker for HCC resection.123,124

The RPS27A promoter is labeled with H3K14 acetylation,
and acetyl-CoA synthetase 2 (ACSS2-S2) increases the
expression of RPs by promoting acetylation, thereby
enabling the carcinogenesis of HCC.125 DNA methylation of
RPL23A and RPL30 induces HCC.126

Ribosomal RACK1 (receptor for activated C kinase 1)
coupled with protein kinase CbII (PKCbII) to promote the
phosphorylation of eIF4E, which led to HCC growth and
chemotherapy resistance.127,128 Eukaryotic translation
initiation factor 6 (eIF6) acts on 60S ribosomal subunit
maturation. Inhibition of eIF6 activity effectively reduces
lipid accumulation and hepatocellular growth.129 eIF6 en-
ables the proliferation and invasion of human HCC by
activating mTOR-related signaling pathways.130 The mTOR
signal transduction pathway activates the protein kinase
RS6K, which phosphorylates the RPS6 protein and activates
ribosome biogenesis.131 Methyltransferase 5 (METTL5)-
mediated 18S rRNA m6A modification accelerates 80S ribo-
some assembly and the translation of mRNAs involved in
fatty acid metabolism, promoting fatty acid metabolism,
oncogenic transformation, and tumor growth.132,133 RPS15A
promotes tumor angiogenesis via enhancing Wnt/b-catenin-
induced fibroblast growth factor 18 (FGF18) expression
through the Wnt/b-catenin pathway in HCC.134,135

The increased ribosome biogenesis during G1/S arrest
further worsens the epithelial-to-mesenchymal transition
process and the development of metastatic cancer.115,136

For instance, in H4-II-E-C3 rat liver cancer cells, an increase
in the appropriate complement of ribosomal RNA can
exacerbate the transition from the G1 to S phase, pro-
moting the growth and metastasis of liver cancer.137 Telo-
mere repeat binding factor 2 (TRF2) in the nucleolus binds
Table 1 Clinical trials targeting liver cancer and ribosome biog

Drug Mechanism Adverse

5-Fluorouracil Binds to 47S rRNA, and inhibits the
post-processing of rRNA

5-Fluor
metabo
microso
produc
may tri

Camptothecin Acts on the early processing of rRNA Serum
Cisplatin Induces alkylation crosslinking of DNA

bases and inhibits polymerase I
Mild, se
elevati

Doxorubicin Inserts into rDNA Serum
are gen
transie

Everolimus An mTOR inhibitor that inhibits RNA
polymerase I

Serum
are gen
transie

Oxaliplatin Inhibits RNA polymerase I and causes
early nucleolar destruction by
suppressing rRNA synthesis

Reversi
transam
aminot
to rDNA and promotes rRNA transcription in HCC. Over-
expression of TRF2 attenuates nucleolar stress-induced
HCC cell cycle arrest.138,139 Midkine is mainly localized in
the nucleolus, and increasing its expression enhances 47S
pre-rRNA transcription. This protects HepG2 from apoptosis
and promotes cancer growth.140 Nucleolar and coiled-body
phosphoprotein 1 (NOLC1) expression is increased in HCC
tissue, and its reduction inhibits rRNA processing, prolifer-
ation of HCC cells, and tumor growth.141,142

snoRNAs are highly conserved, stable non-coding RNAs
involved in post-transcriptional modification of RNA and
ribosome biogenesis.143e146 They can act as oncogenes or
tumor suppressors in HCC through multiple mechanisms.
Further research on snoRNAs is crucial for the prevention
and treatment of HCC.147
Ribosome biogenesis and liver cancer therapy

Aberrant ribosome biogenesis is increasingly recognized as a
viable therapeutic target for various tumors. Tumor cells
produce more ribosomes than normal cells, and inhibiting
ribosome biogenesis makes tumor cells more susceptible
than normal cells. The pharmacological inhibition of ribo-
some biogenesis triggers the nucleolar stress
response.148e150

In tumor transformation, the abnormal p53 pathway
stimulates nucleoli function, causing nucleoli enlarge-
ment.151,152 Drug discovery efforts targeting ribosome
biogenesis have demonstrated some effectiveness. Table 1
shows the mechanisms of drugs used to treat liver cancer,
adverse effects on the liver, and clinical trials. Traditional
chemotherapeutic drugs like oxaliplatin, doxorubicin, and
cisplatin have been shown to inhibit ribosome biogenesis at
the rRNA transcription level. Oxaliplatin induces alkylation
crosslinking of DNA bases and inhibits Pol I, resulting in
early nucleolar destruction by suppressing rRNA synthesis
and causing nucleophosmin 1 (NPM1) relocation, ultimately
leading to extensive nucleolar recombination.153,154 Mild
enesis.

reaction Phase Trial identifier

ouracil is extensively
lized in the liver via the
mal enzyme system, and the
tion of a toxic intermediate
gger liver injury

Approved
for use

Approved
for use

aminotransferase elevations Phase 3 NCT02755311
lf-limited serum enzyme
ons

Phase 3 NCT00109954

aminotransferase elevations
erally asymptomatic and
nt

Phase 3 NCT01655693

aminotransferase elevations
erally asymptomatic and
nt

Phase 4 NCT02081755

bly increased hepatic alanine
inase and aspartate
ransferase levels

Phase 2 NCT00052364
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reversible increases in liver function indicators alanine
transaminase and aspartate aminotransferase can occur in
patients who have received platinum compounds.155

Cisplatin induces alkylation crosslinking of DNA bases and
inhibits Pol I. Cisplatin has improved early liver cancer,
while oxaliplatin and doxorubicin have been used for
advanced HCC156e158 Cisplatin has been associated with
low-rate serum enzyme elevations during liver cancer
therapy. These elevations are usually mild, self-limited,
and asymptomatic, rarely requiring dose modification.159

Doxorubicin inserts into DNA, inhibiting topoisomerase II
and Pol I.160 Serum aminotransferase levels are elevated
upon doxorubicin therapy, but the elevations are generally
asymptomatic and transient and would resolve even with
continuation of therapy.161 Camptothecin inhibits topo-
isomerase I and acts on the early processing of rRNA.162 It
can cause elevations in serum aminotransferase levels.163

5-fluorouracil inhibits thymidylate synthetase, binds with
47S rRNA, and inhibits the post-processing of rRNA.164 5-
fluorouracil is typically combined with leucovorin (folinic
acid) which also inhibits thymidylate synthase, thus
enhancing the effects of fluorouracil. Current indications
for fluorouracil with leucovorin include palliative therapy
for advanced liver cancer. 5-Fluorouracil has been used as a
continuous hepatic arterial infusion to manage hepatic
metastases from colorectal and other cancers.165 5-fluoro-
uracil is extensively metabolized in the liver via the
microsomal enzyme system, and the production of a toxic
intermediate may trigger liver injury.166,167 Everolimus is an
inhibitor of cell proliferation and an immunosuppressive
agent (mTOR inhibitor) that inhibits RNA Pol I.168
Figure 9 Effects of different anti-liver cancer drugs on rRNA tra
and oxaliplatin inhibit the transcription of rDNA into rRNA by inhibit
synthetase, binds to 47S rRNA, and inhibits the post-processing of
Medication of everolimus elevates serum enzyme levels,
but the abnormalities are usually mild, asymptomatic, and
self-limiting, rarely requiring dose modification or discon-
tinuation (Fig. 9).169

The combined use of drugs targeting multiple ribosome
biogenesis has the potential to produce improved thera-
peutic effects. For instance, combining oxaliplatin and
fluorouracil has shown a better therapeutic response in
liver cancer.170e172 CX-5461 is a specific inhibitor of ribo-
some biogenesis that does not cause genotoxicity. It
selectively inhibits the function of RNA Pol I, thereby
achieving ribosome biogenesis.173,174 Currently, CX-5461 is
being used to treat breast cancer175 and ovarian can-
cer,176e179 and its effectiveness in liver cancer will be
further investigated.
Discussion

Ribosome biogenesis is an evolutionarily conserved protein
synthesis machine, and ribosome biogenesis ensures that
ribosomes are present in the body.180 Ribosome biogenesis
includes rDNA transcription, cleavage of pre-rRNA, modifi-
cation to form mature rRNA, RP synthesis and translocation
into the nucleus, and assembly of rRNA into large and small
subunits.181 Therefore, different steps of ribosome
biogenesis can be targeted to achieve the treatment of
specific diseases. We review ribosome biogenesis and
mechanisms of liver regeneration, HCV, NAFLD, liver
fibrosis, cirrhosis, and liver cancer that cause liver disease
by affecting human liver ribosome biogenesis. The review
nscription and processing. Cisplatin, doxorubicin, everolimus,
ing RNA polymerase I (pol I). 5-Fluorouracil inhibits thymidylate
rRNA. Camptothecin inhibits the early processing of rRNA.
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aims to provide scientists with a new idea for understanding
how ribosome-related liver disease occurs and provide a
theoretical basis for developing a drug to treat ribosome
diseases.

HCV needs to rely on human ribosomes to complete
replication.182 Studies of HCV IRES have shown its direct
interaction with the ribosome, which induces a conforma-
tional change of the ribosome.183 Therefore, HCV infection
and the progression of liver disease are closely related to
ribosome biogenesis. For several decades, ribavirin was
combined with pegylated interferon alpha (PegeIFN-a) as
the standard of care for treating chronic HCV infections.184

Targeting the site where HCV binds to ribosomes after
infecting the liver may prevent HCV from replication in the
liver, thereby inhibiting HCV.

Ribosomes temporarily increase to repair the damaged
liver and promote liver regeneration after acute liver
injury. When there is an excessive and abnormal increase in
ribosomes in the liver, it will gradually deteriorate. Inhibi-
tion of RNA Pol I transcription triggers nucleolar stress,
resulting in the translocation of RPs from the nucleolus to
the nucleoplasm, where proteins such as RPL5 and RPL11
bind to MDM2, triggering its dissociation and thereby stim-
ulating p53.118 Therefore, the concept of inhibiting RNA Pol
I for cancer therapeutics attracted investigators to design
specific inhibitors to target RNA Pol I, with the expectation
that normal cells would be spared because they are much
less dependent on RNA Pol I transcription activity than
cancer cells.

At present, there is no clear effective method for treating
liver fibrosis, liver cirrhosis, and liver cancer. Pol I regulates
rDNA transcription to generate rRNA, which is the rate-
limiting step in ribosome biogenesis and plays a central role
in cancer progression. Abnormally increased Pol I activity
will destroy the ribosomal function of the nucleolus, causing
uncontrolled ribosome synthesis and leading to malignant
cell proliferation. Therefore, Pol I is an excellent target for
selectively inhibiting cancer cell growth. Several Pol I tran-
scription inhibitors have been developed for cancer treat-
ment, including CX-5461 and BMH-21. CX-5461 was the first
selective and orally available inhibitor of RNA Pol I tran-
scription.185 CX-5461 is the first Pol I inhibitor to complete
phase I clinical trials. It inhibits Pol I transcription mainly by
competing with the pre-initiation complex protein SL1 for
the rDNA promoter.186 BMH-21 is the newly discovered pol I
inhibitor that inhibits transcription initiation and elongation
by binding to rDNA. BMH-21 can significantly reduce the
viability of HCC cells in vitro and the growth of HCC in vivo
but has little effect on liver function or body weight.187

Oxaliplatin, doxorubicin, cisplatin, camptothecin, 5-fluoro-
uracil, etc. have been used to treat liver cancer. In clinical,
drugs can be combined to increase their efficacy or reduce
their toxic and side effects.

Several drugs targeting ribosome biogenesis are also in
clinical trials to treat other cancers. CX-5461 inhibits the
progression of advanced solid cancer by binding to and sta-
bilizing the G4 DNA structure (NCT04890613).174 CX-3543
binds to the G4 sequence and disrupts the interaction of the
rDNA G4 structure with nucleolin, thereby inhibiting RNA Pol
I function and inducing apoptosis in cancer cells. It has been
used in clinical trials of advanced solid tumors
(NCT00955786), lymphomas neuroendocrine tumors
(NCT00780663), carcinoid cancer advanced solid tumors
(NCT00955292), and lymphoma B-cell chronic lymphocytic
leukemia (NCT00485966).188 Camptothecin treats sarcoma
by inhibiting topoisomerase I, regulates early rRNA process-
ing and has entered phase III clinical trials (NCT00354744).

Abnormal increase in nucleoli has been considered as a
preliminary diagnostic indicator of liver cancer, but
whether it can be used as an indicator of other liver dis-
eases, such as NAFLD, liver fibrosis, and cirrhosis, remains
to be further verified.

Conclusions

In the liver, ribosome biogenesis is a complex process that
involves multiple steps, from rRNA synthesis to ribosome
assembly. Any errors in these steps can result in malignant
transformation of liver cells and abnormal cell phenotype.
Reduced ribosome biogenesis can lead to low-proliferative
phenotypes such as cell cycle arrest, senescence, or
apoptosis. On the other hand, increased ribosome biogen-
esis promotes liver regeneration, but excessive increase
can lead to hepatocarcinogenesis. The nucleolus acts as a
target of cancer signaling and an upstream regulator of
pathways critical for average cell growth and function. The
dynamic nucleolar proteome regulates cell function by
controlling protein nucleolar localization and transport.
Disturbances in normal nucleolar function and structure can
disrupt ribosome biogenesis and contribute to liver disease.

Combining drugs targeting ribosome biogenesis with
ribosome-related factors may enhance therapeutic effects
in treating liver diseases. The drug direction can be
designed for protein and rRNA synthesis involved in ribo-
some biogenesis or other steps, such as assembly. This
research has the potential to discover new therapeutic
strategies for liver disease.

Conducting a systematic and comprehensive analysis of
mRNA translation, protein localization, and molecular
changes upstream and downstream of RPs or rRNA alter-
ations will contribute to developing more targeted ribo-
some therapy for liver diseases.
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22. Kara B, Köro�glu Ç, Peltonen K, et al. Severe neurodegenera-
tive disease in brothers with homozygous mutation in POLR1A.
Eur J Hum Genet. 2017;25(3):315e323.

23. Drygin D, Rice WG, Grummt I. The RNA polymerase I tran-
scription machinery: an emerging target for the treatment of
cancer. Annu Rev Pharmacol Toxicol. 2010;50:131e156.

24. Grummt I. Regulation of mammalian ribosomal gene tran-
scription by RNA polymerase I. Prog Nucleic Acid Res Mol Biol.
1999;62:109e154.

25. Thomson E, Ferreira-Cerca S, Hurt E. Eukaryotic ribosome
biogenesis at a glance. J Cell Sci. 2013;126(Pt 21):
4815e4821.

26. Dragon F, Gallagher JEG, Compagnone-Post PA, et al. A large
nucleolar U3 ribonucleoprotein required for 18S ribosomal
RNA biogenesis. Nature. 2002;417(6892):967e970.

27. Grandi P, Rybin V, Bassler J, et al. 90S pre-ribosomes include
the 35S pre-rRNA, the U3 snoRNP, and 40S subunit processing
factors but predominantly lack 60S synthesis factors. Mol
Cell. 2002;10(1):105e115.

28. Schwarzacher HG, Wachtler F. The nucleolus. Anat Embryol.
1993;188(6):515e536.

29. Vendramin R, Verheyden Y, Ishikawa H, et al. SAMMSON fos-
ters cancer cell fitness by concertedly enhancing mitochon-
drial and cytosolic translation. Nat Struct Mol Biol. 2018;
25(11):1035e1046.

30. Teng T, Thomas G, Mercer CA. Growth control and riboso-
mopathies. Curr Opin Genet Dev. 2013;23(1):63e71.

31. Szaflarski W, Le�sniczak-Staszak M, Sowi�nski M, et al. Early
rRNA processing is a stress-dependent regulatory event whose
inhibition maintains nucleolar integrity. Nucleic Acids Res.
2022;50(2):1033e1051.

32. Huang S, Aleksashin NA, Loveland AB, et al. Ribosome engi-
neering reveals the importance of 5S rRNA autonomy for
ribosome assembly. Nat Commun. 2020;11(1):2900.

33. Okuda M, Tanaka A, Satoh M, et al. Structural insight into the
TFIIE-TFIIH interaction: TFIIE and p53 share the binding region
on TFIIH. EMBO J. 2008;27(7):1161e1171.

34. Hill CH, Boreikait _e V, Kumar A, et al. Activation of the
endonuclease that defines mRNA 3’ ends requires incorpora-
tion into an 8-subunit core cleavage and polyadenylation
factor complex. Mol Cell. 2019;73(6):1217e1231.e11.

35. Estell C, Davidson L, Steketee PC, Monier A, West S. ZC3H4
restricts non-coding transcription in human cells. Elife. 2021;
10:e67305.

36. Castillo Duque de Estrada NM, Thoms M, Flemming D, et al.
Structure of nascent 5S RNPs at the crossroad between ribo-
some assembly and MDM2-p53 pathways. Nat Struct Mol Biol.
2023;30(8):1119e1131.

37. Bleichert F, Granneman S, Osheim YN, Beyer AL, Baserga SJ.
The PINc domain protein Utp24, a putative nuclease, is
required for the early cleavage steps in 18S rRNA maturation.
Proc Natl Acad Sci U S A. 2006;103(25):9464e9469.

38. McCool MA, Buhagiar AF, Bryant CJ, et al. Human pre-60S
assembly factors link rRNA transcription to pre-rRNA pro-
cessing. RNA. 2022;29(1):82e96.

39. Fromont-Racine M, Senger B, Saveanu C, Fasiolo F. Ribosome
assembly in eukaryotes. Gene. 2003;313:17e42.

40. Aubert M, O’Donohue MF, Lebaron S, Gleizes PE. Pre-ribo-
somal RNA processing in human cells: from mechanisms to
congenital diseases. Biomolecules. 2018;8(4):123.

41. Tsoi H, Lam KC, Dong Y, et al. Pre-45s rRNA promotes colon
cancer and is associated with poor survival of CRC patients.
Oncogene. 2017;36(44):6109e6118.

http://refhub.elsevier.com/S2352-3042(25)00001-7/sref1
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref1
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref1
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref1
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref2
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref2
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref2
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref2
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref3
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref3
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref3
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref3
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref4
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref4
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref4
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref4
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref5
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref5
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref5
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref5
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref6
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref6
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref7
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref7
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref7
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref8
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref8
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref8
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref9
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref9
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref9
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref9
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref9
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref9
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref10
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref10
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref10
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref10
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref10
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref11
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref11
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref11
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref11
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref12
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref12
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref12
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref13
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref13
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref13
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref13
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref14
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref14
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref14
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref14
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref15
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref15
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref15
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref16
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref16
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref16
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref16
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref17
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref17
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref17
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref18
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref18
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref18
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref18
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref18
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref18
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref19
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref19
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref19
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref19
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref20
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref20
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref21
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref21
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref21
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref22
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref22
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref22
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref22
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref22
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref23
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref23
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref23
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref23
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref24
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref24
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref24
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref24
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref25
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref25
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref25
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref25
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref26
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref26
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref26
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref26
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref27
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref27
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref27
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref27
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref27
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref28
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref28
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref28
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref29
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref29
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref29
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref29
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref29
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref30
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref30
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref30
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref31
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref31
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref31
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref31
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref31
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref31
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref31
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref32
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref32
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref32
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref33
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref33
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref33
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref33
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref34
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref34
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref34
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref34
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref34
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref34
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref35
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref35
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref35
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref36
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref36
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref36
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref36
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref36
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref37
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref37
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref37
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref37
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref37
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref38
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref38
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref38
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref38
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref39
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref39
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref39
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref40
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref40
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref40
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref41
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref41
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref41
http://refhub.elsevier.com/S2352-3042(25)00001-7/sref41


Overview of ribosome biogenesis 13
42. Blattner C, Jennebach S, Herzog F, et al. Molecular basis of
Rrn3-regulated RNA polymerase I initiation and cell growth.
Genes Dev. 2011;25(19):2093e2105.

43. Bustelo XR, Dosil M. Ribosome biogenesis and cancer: basic
and translational challenges. Curr Opin Genet Dev. 2018;48:
22e29.

44. Meier UT. The daunting task of modifying ribosomal RNA. RNA.
2022;28(12):1555e1557.

45. Schneider DA. RNA polymerase I activity is regulated at mul-
tiple steps in the transcription cycle: recent insights into
factors that influence transcription elongation. Gene. 2012;
493(2):176e184.

46. Schenkwein D, Afzal S, Nousiainen A, Schmidt M, Ylä-
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interphase AgNOR distribution and nucleolar size in cancer
cells. Histochem J. 1992;24(12):951e956.
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145. Fafard-Couture É, Bergeron D, Couture S, Abou-Elela S,
Scott MS. Annotation of snoRNA abundance across human
tissues reveals complex snoRNA-host gene relationships.
Genome Biol. 2021;22(1):172.
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