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Abstract

Stem cells differ from other somatic cells in that they possess self-renewal and differentiation potential, which
endows them with unique characteristics, and have great therapeutic potential. Studies have shown that the

self-renewal and differentiation potential of stem cells is requlated by ribosomes during protein synthesis. In this
review, we discuss the translation regulation mechanisms and ribosome biogenesis in stem cells. Protein translation
levels and ribosome biogenesis change dynamically during the development and differentiation of stem cells, and
hierarchical translational regulation promotes stem cell differentiation. We also demonstrate that mitochondrial
protein translation plays an important role in the regulation of stem cell fate. Ribosomes not only mediate the self-
renewal and differentiation of stem cells through protein synthesis. They are also a key target for stem cell therapy.
Understanding the mechanism of ribosome regulation in stem cells will allow better control of stem cells for their
application.
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Introduction

The ability to self-renew and differentiate are the two
major characteristics shared by stem cells. Embryonic
stem cells (ESCs) are pluripotent stem cells derived from
early embryos capable of unlimited self-replication and
differentiation into various cell types. Adult stem cells
are multipotent cells in mature tissues and organs that
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self-renew and differentiate into specific cell types for
tissue repair and regeneration. Stem cells have notable
prospects for application in regenerative medicine.

The self-renewal and differentiation potential of stem
cells is controlled by complex genetic programs such as
chromatin remodeling, mRNA transcription, processing,
and stability [1, 2]. The Notch [3], Wnt [4, 5], Bmi-1 [6],
Sonic hedgehog [7-9], and c-Met [10] pathways regu-
late the self-renewal characteristics of stem cells, and
an imbalance in these pathways can lead to dysfunction.
Currently, transcription is assumed to be the primary
mechanism that regulates the self-renewal and differen-
tiation of most stem cells [11, 12]. Transcription factors
play crucial roles in determining stem cell fate, and pro-
tein levels in stem cells are mainly regulated at the tran-
scriptional level [12]. Several studies have shown that
ribosomal translation is important in protein synthesis
[13]. In ESCs and many adult stem cells, precise regu-
lation of ribosomal translation processes is crucial for
self-renewal and differentiation. Translation regulation
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also plays a fundamental role in maintaining stem cell
homeostasis and responding to environmental cues, such
as differentiation signals or tissue damage, through rapid
reprogramming [1].

Stem cell therapy is an innovative form of regenerative
medicine that has attracted widespread attention from
the global medical community. It is used to treat cancers
and heart, neurodegenerative, and other diseases and
can be a powerful tool for clinical medical research. By
studying the biological characteristics and differentia-
tion mechanisms of stem cells, we can better understand
the processes of disease occurrence and development.
This will aid in creating innovative treatment methods
through technologies such as stem cell modification and
gene editing to achieve better application of stem cell
therapy. In this review, we discuss how the regulatory
mechanism of ribosomal translation is involved in the
self-renewal and differentiation potential of stem cells
and its potential application in stem cell therapy.

Emerging roles of ribosome translation in stem
cells

Stem cells in the quiescent phase have lower levels of
protein synthesis

An increasing number of studies have shown that both
embryonic and somatic stem cells are characterized by
low rates of global protein synthesis [14]. Schwanhausser
et al. demonstrated that translation significantly contrib-
utes to protein abundance [13]. In 2004, Raman micro-
spectroscopy was used to monitor biochemical markers
during the in vitro differentiation of mouse embryonic
stem cells (mESCs), and the ratio of RNA-to-protein
peak areas was used as an indicator of mRNA translation.
The level of nontranslated mRNA is high in undifferenti-
ated mESCs, and as mESCs begin to differentiate, their
mRNA translation increases [15]. Investigation of the
different states of protein synthesis during self-renewal
and differentiation of mESCs has shown that protein
synthesis is parsimonious during the mESC self-renewal
phase. Most mRNAs are insufficiently bound to ribo-
somes in undifferentiated mESCs; therefore, these cells
lack polyribosomes and have low polyribosome content.
During mESC differentiation into embryoid bodies (EBs),
an “anabolic switch” is triggered, resulting in significant
increases in global mRNA levels, ribosome transcript
loading, polyribosome content, and global protein syn-
thesis [16]. Polysome profiling experiments have dem-
onstrated a global rise in the overall translational activity
of early mESCs during differentiation. Additionally, ribo-
somal protein (RP) expression is moderately upregulated
during the early stages of mESC differentiation, indicat-
ing an increase in the number of RPs involved in ribo-
some assembly and protein synthesis. This is consistent
with the results of the polyribosome analysis, further
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confirming that protein translation probably plays an
essential role in ESC differentiation [17]. Analysis of
mESCs using ribosome profiling revealed more than
a thousand significant translation pause sites that may
function as key regulatory locations [17]. Therefore,
we postulate that this may also be a reason for the low
level of stem cell translation and that it may stem from
the inherent necessity of totipotent cells to sustain their
undifferentiated state and exhibit high plasticity. Human
embryonic stem cells (hESCs) have lower levels of global
protein translation and limited p70 ribosomal protein
S6 kinase (p70 S6K) activation than their differentiated
progenies. Easley et al. used drugs such as ether amine or
purinomycin to block global translation activity in hESCs
for 24-36 h, resulting in cell death. This suggests that the
low level of translation observed in hESCs is essential for
the survival of pluripotent stem cells [18]. Translation
levels were measured during the induction of hESCs into
forebrain neurons and they showed that the mechanistic
target of the rapamycin complex 1 (mTORC1) signaling
pathway drives a high level of translation of translation-
related genes during the differentiation of hESCs into
neural progenitor cells (NPCs). By comparing the regula-
tion of translation across three distinct cell types, hESCs,
NPCs, and early neuronal cultured cells, the translation
levels of many RPs were found to increase during dif-
ferentiation from NPCs to early neuronal cells, suggest-
ing that mTORC1 signaling may enhance translation
efficiency during early neuronal development, thereby
affecting downstream biological processes related to
ribosomal protein synthesis [19]. This implies that altered
translation efficiency is a primary mechanism involved in
the early stages of hESCs differentiation.

Signer et al. used a fluorogenic assay with O-propar-
gyl-puromycin to measure protein synthesis in hema-
topoietic stem cells (HSCs), which are typical somatic
stem cells. The protein synthesis rate of HSCs in vivo is
significantly lower than that of most other hematopoietic
progenitor cells. In the resting phase (G,/G;) or mitotic
phase (S/G,/M), the induced proliferation of HSCs shows
a lower rate of protein synthesis than that of hemato-
poietic progenitor cells [20]. Jarzebowski et al. used the
RiboPuromycylation method to determine that mouse
hematopoietic stem cells (mHSCs) have lower puromycin
uptake and, therefore, lower protein translation activity
than other more mature progenitor populations. They
also confirmed that to maintain their self-renewal ability
and long-term function, mHSCs might have conserved
mechanisms for metabolic activities, such as reducing
the rate of protein synthesis [21]. Robert et al. also found
that the rate of protein synthesis in HSCs was lower than
that in other hematopoietic progenitor cells and had no
significant correlation with the cell cycle, total RNA, or
mRNA content [22]. Other adult stem cells, including
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neural [23], skeletal muscle [24], hair follicles [25], and
Drosophila germline stem cells(GSCs) [26], have been
shown to have a lower rate of protein synthesis than
progenitors in the same tissue. When genetic changes
increase the rate of protein synthesis in these stem cells,
their numbers are depleted, suggesting that reduced pro-
tein synthesis rates may be a common feature of a wide
range of adult stem cell populations. Skin stem cells syn-
thesize fewer proteins than their immediate progenitors
in vivo under normal conditions or when forced to prolif-
erate. Therefore, an increased translation rate correlates
with lineage commitment and differentiation processes
in stem cells rather than their proliferation [25]. Similarly,
stem and progenitor cells within tumors synthesize fewer
proteins than committed progeny that differentiate and
specialize into multiple tumor cell types [25]. Previous
studies have revealed the importance of post-transcrip-
tional translational regulation in differentiating neural
stem cells (NSCs) into neurons. Protein synthesis is very
low in quiescent ventricle-contacting NSCs; however, it
is significantly increased in active NSCs, decreases upon
reaching late neuroblasts through neural progenitor cells
and early neuroblasts, and decreases gradually in mature
neurons [27]. Single-cell transcriptomics has further con-
firmed that dormant NSCs have an extremely low rate
of protein synthesis and undergo an intermediate phase
after activation, during which the cell increases its pro-
tein synthesis machinery [23]. Muscle stem cells, also
known as satellite cells, maintain low levels of protein
synthesis by phosphorylating eukaryotic initiation factor
2 subunit alpha (elF2a), essential for maintaining their
resting state and ability to self-renew [24]. The balance
between the self-renewal and differentiation of GSCs is
susceptible to changes in ribosome biosynthesis and the
rate of intracellular protein synthesis. In the Drosophila
GSC system, the transition between self-renewal and dif-
ferentiation depends on ribosome biogenesis (the process
of ribosome synthesis) and the regulation of protein syn-
thesis. To achieve morphological and functional trans-
formation of stem cells into specific cell types during
differentiation, cells must synthesize a series of proteins
appropriate for their new roles, resulting in a significant
increase in global protein synthesis [26]. The overall pro-
tein translation rate in Drosophila intestinal stem cells
(ISCs) is exceptionally high. Upon differentiation into
daughter cells, they immediately become post-mitotic yet
do not exhibit the usual increase in translation rate. The
high translation rate in ISCs represents a unique biologi-
cal phenomenon that may reflect the specialized require-
ments of these cells for maintaining intestinal function,
which is not commonly observed in other types of stem
cells [28-30].
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Functional considerations of parsimonious protein
translation in stem cells

Although ESCs contain numerous free ribosomes, they
primarily exist as monosomes or subunits, indicating that
the translation potential of ribosomes is not completely
utilized [16]. After observing that stem cells maintain
low levels of protein translation, researchers have fur-
ther analyzed and investigated the underlying reasons
for this parsimonious protein translation in stem cells. A
prevailing perspective suggests that low protein synthesis
rates minimize unnecessary wear and tear of stem cells,
thereby playing a crucial role in maintaining their self-
renewal and longevity. This translation mode may restrict
the expression of specific genes to ensure that stem cells
do not initiate specific differentiation pathways prema-
turely or incorrectly while maintaining stability during
self-renewal. Before ESCs differentiate into specific cell
types, inappropriate protein expression is prevented by
restricting their translational activity [16]. In HSCs and
other types of somatic stem cells, the low rate of pro-
tein synthesis helps maintain metabolic homeostasis.
Reduced protein synthesis limits protein misfolding and
negatively affects stem cell function. Therefore, reducing
protein synthesis in somatic cells may help maintain a sta-
ble state and prolong cell survival [20]. Stem and progeni-
tor cells generally need to maintain low metabolic and
protein expression levels to retain their undifferentiated
state and potential proliferative capacity [25]. Low levels
of protein synthesis within stem cells help prevent exces-
sive cell division and deplete their ability to self-renew,
thereby ensuring the long-term stability and regenera-
tive potential of the population [27]. However, one study
showed that mouse blastocyst-derived ESCs treated
with the translation inhibitor cycloheximide showed lit-
tle increase in their in vitro lifespan, whereas inhibition
of the mTOR signaling pathway significantly increased
their lifespan [31]. There may be other reasons for the
parsimonious protein translation in stem cells. Some
researchers have speculated that maintaining low protein
levels in stem cells facilitates rapid proteomic remodeling
during differentiation. High proteasomal activity is a rec-
ognized contributor to the function and viability of ESCs
and induced pluripotent stem cells [32, 33]. In summary,
parsimonious translation and hierarchical translational
regulation in ESCs may play essential roles in quality
control during pluripotency and differentiation. The key
question is whether the differences in ribosomal protein
translation during stem cell self-renewal and differentia-
tion are consequences of stem cell fate decisions or act as
active regulators that influence these processes.
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Mechanism to maintain low protein levels in quiescent
stem cells

mTORCT1 signaling pathway mediates selective translational
regulation in quiescent stem cells

hESC:s strictly regulate mTORC1-p70 S6K-mediated low-
protein translation to maintain pluripotency. In undif-
ferentiated hESCs, the activity of the mTORCI1 signaling
pathway was relatively low compared to that in the dif-
ferentiated progeny cells. hESCs showed lower p70 S6K
activity and higher TSC1 (Tuberous sclerosis 1)-TSC2-
mTORCI1 inhibitory complex, which may reflect the
molecular basis of their ability to maintain an undiffer-
entiated state and self-renew. Moderate inhibition of this
signaling pathway in stem cells helps maintain pluripo-
tency and an undifferentiated state. If the activity of the
mTORCI1 signaling pathway increases, the pluripotency
of stem cells can be altered, possibly leading to a bias in
the stem cell differentiation of specific lineages. Activa-
tion of p70 S6K expression or enhanced mTORCI activ-
ity promotes hESCs differentiation [18]. mTORC1 also
regulates the delicate balance between self-renewal and
differentiation during NSC differentiation by regulat-
ing downstream molecules such as eukaryotic initiation
factor 4E binding protein (4E-BP) and S6K1/S6K2. The
overactive mTORCI1 signaling pathway affects the self-
renewal ability of NSCs by inhibiting the action of the
4E-BP2 protein and activating cap-dependent transla-
tion mechanisms. Hartman et al. showed that a genetic
reduction in mTORCI1 activity prevents cell differentia-
tion in neonatal mouse NSCs, thereby reducing lineage
and neuronal generation. Activation of the translation
inhibitor 4E-BP1 produces a similar effect, preventing
NSC differentiation induced by mTORCI1 overactiva-
tion and promoting self-renewal [34]. The TOR signal-
ing pathway also plays a vital role in the maintenance
and differentiation of GSCs. The Tel2-Ttil-TOR complex
in Drosophila melanogaster promotes the expression of
ribosome assembly factors and is essential for germline
differentiation [35]. HSCs contain more non-phosphory-
lated 4E-BP1 and 4E-BP2, which inhibit translation ini-
tiation and decrease protein synthesis [22]. Knockout of
4E-BP1 and 4E-BP2 significantly increased global protein
synthesis in HSCs and impaired their ability to recon-
stitute activity, revealing a mechanism for maintaining
HSCs function by inhibiting protein synthesis. HSCs
lacking 4E-BP1 and 4E-BP2 are less able to maintain their
numbers and produce blood cells in the long term than
normal stem cells [22]. Morita et al. [36] and Tahmasebi
et al. [37] showed that activated 4E-BP selectively inhib-
its the translation of certain types of mRNA. The lower
protein translation rate in HSCs is not primarily medi-
ated by reduced ribosome supply but by the upregulation
of translation inhibition mechanisms and the influence
of specific tRNA-derived small RNAs [21]. This indicates
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that not all mRNA translations are affected to the same
degree; however, those closely related to specific physi-
ological or pathological processes are significantly inhib-
ited. This selective translational regulatory mechanism
is important for cells to adapt to different environmental
conditions, maintain normal physiological functions, and
cope with disease.

Regulation of low translation activity of stem cells by
translation initiation

One study used mouse skeletal muscle stem cells as a
model to identify a universal mechanism of translation
inhibition that maintains the resting state of stem cells
by phosphorylation of elF2a (p-elF2a) at serine 51. The
activity of phosphorylated elF2a was inhibited, thereby
reducing the formation of the translation initiation com-
plex and the overall protein synthesis rate. p-eIF2a partly
ensures a robust translational silencing of accumulat-
ing mRNA, which is necessary to prevent the activation
of muscle stem cells. In addition, p-elF2a-dependent
mRNA translation regulated by upstream open read-
ing frames also constitutes a molecular feature of stem
cell characterization. Zismanov et al. revealed that the
absence of phosphorylation on elF2a induced satellite
cells to transition from a quiescent state to an activated
myogenic program. Drug-induced inhibition of elF2«a
dephosphorylation enhanced the self-renewal and regen-
eration ability of skeletal muscle stem cells [24]. One
mechanism regulating protein synthesis in HSCs involves
the control of 4E-BP phosphorylation. Phosphorylated
4E-BP binds to eukaryotic initiation factor 4E (eIF4E)
and prevents it from participating in mRNA translation
[20, 38]. The transcription factor Yin Yang 2 (YY2) plays
a crucial regulatory role in self-renewal and lineage dif-
ferentiation of mESCs (Fig. 1). The expression of YY2 is
inhibited by the translation of 4E-BP and influenced by
polypyrimidine tract binding protein 1 (PTBP1)-medi-
ated splicing. In mESCs lacking Eif4ebpl and Eif4ebp2
(4E-BP1 and 4E-BP2), the expression of mESC markers
such as octamer-binding protein 4 (Oct4) and sex-deter-
mining region Y-box 2 (SOX2) is inhibited. Moderate
increases or decreases in Oct4 or SOX2 protein levels
can impair the self-renewal of ESCs and trigger their dif-
ferentiation. YY2 affects cell self-renewal and differentia-
tion by controlling key pluripotent factors, such as Oct4
and estrogen-related receptor-p (Esrrb), and its overex-
pression guides mESCs to differentiate into cardiovas-
cular lineages [39]. The methyltransferase-like (METTL)
16 protein interacts with elF3a/p and participates in
the translation initiation mechanism in the cytoplasm,
thereby regulating the translation initiation of mRNA.
METTL16-mediated translation initiation maintains
tumor plasticity and cell characteristics in liver cancer
stem cells (CSCs) [40].
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Fig. 1 Regulation of low translation activity of stem cells by translation initiation. At the beginning of eukaryotic translation, elF1, elF1A, elF2-tRNAiMet-
GTP elF3, elF5 and 40 S ribosomal subunits formed 43 S preinitiation complex (PIC). The mRNA cap binding complex elF4F recruits 43 S PIC to mRNA to
form 48 S PIC. The 48 S PIC scans mRNA until it encounters an AUG initiation codon, at which point GTP is hydrolyzed on elF2 to form a complete 80 S
ribosome, and the translation of the open reading frame begins. mTORC1 controls protein synthesis through two key targets: 4E-BP and p7056K. mTORC1
phosphorylates 4E-BP, phosphorylated 4E-BP binds to elF4E and prevents it from participating in mRNA translation. The expression of YY2 is inhibited by
the translation of 4E-BP. YY2 affects self-renewal and differentiation of stem cell. Phosphorylation of p70S6K activates multiple effectors, facilitating global
translation via downstream elF4B and elF4A. Global translation inhibition is caused by elF2a phosphorylation while promoting selective translation of
mMRNA, thereby promoting self-renewal via upstream open reading frames (UORFs). The activity of phosphorylated elF2a was inhibited, thereby reducing
the formation of the translation initiation complex and inhibition of differentiation. elF1, eukaryotic initiation factor 1; elF1A, eukaryotic initiation factor
1 A subunit; elF3, eukaryotic initiation factor 3; elF4A, eukaryotic initiation factor 4 A; elF4B, eukaryotic initiation factor 4B; elF5, eukaryotic initiation factor
5, mTORC1, mechanistic target of rapamycin complex 1; 4E-BP, eukaryotic initiation factor 4E binding protein; p70S6K, p70 ribosomal protein S6 kinase;

YY2,Yin Yang 2

Stem cells are characterized by high ribosomal biogenesis
despite low levels of protein synthesis

Functional analysis of low protein synthesis but high
ribosomal biogenesis in stem cells

Stem cells maintain their characteristics by balancing two
seemingly contradictory conditions: low translational
activity and high ribosome biogenesis. The number of
ribosomes in stem cells does not directly correspond to
the translation rate, and maintaining a large ribosomal
reserve enables a rapid increase in translation speed
when needed. Stem cells require high ribosome lev-
els to maintain their differentiation potential [14]. The
ribosome concentration model suggests that changes in
intracellular ribosome concentrations can affect global

and mRNA-specific translational control [41]. Sufficient
quantity and activity of ribosomes are fundamental to
ensure that stem cells effectively perform their functions,
including self-renewal and differentiation. Impairment
of ribosome biogenesis can lead to defects in stem cell
function, affect tissue regeneration and repair, and may
even contribute to the onset of diseases such as cancer.
Ribosomal biogenesis is a highly regulated process, par-
ticularly in stem cells. Because stem cells require low
metabolic activity to preserve their undifferentiated state,
they must respond swiftly to differentiation signals for
proliferation and differentiation. This indicated that ribo-
some biogenesis can adapt promptly and precisely to
these alterations. The regulation of ribosome biogenesis
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ensures that cells can appropriately adjust the rate of pro-
tein synthesis in response to various conditions such as
growth, differentiation, and stress. As these cells differ-
entiate into proliferative precursor cells, the activities
of both processes are altered to varying degrees. This
shift reflects different protein requirements across cel-
lular states, with translation programs and ribosome
biogenesis regulating stem cell function and fate. The
fate of stem cells depends on the balance between these
processes, and an imbalance can lead to an age-related
decline in stem cell function. Age-associated alterations
include aberrant up- or downregulation of rRNA and
protein synthesis, which can result in enhanced prolifera-
tive capacity, diminished differentiation potential in stem
cells, or induction of a senescent state [42]. However, this
raises the question of maintaining the balance between
low protein translation levels and high ribosome biogen-
esis in stem cells. How does high ribosomal biogenesis
ensure that ribosomes do not undergo protein synthesis?
These issues require further investigation.

Regulation of ribosome biogenesis in stem cells

Ribosomal DNA (rDNA) transcription in stem
cells The nucleolus plays a crucial role in maintaining the
stem cell characteristics of ESCs. In ESCs, the nucleolus is
hyperactive and characterized by the absence of silenced
rRNA genes and heightened ribosome biogenesis. As
ESC:s exit their pluripotent state, a portion of these rRNA
genes is epigenetically silenced, reducing ribosome bio-
genesis [43]. Ribosome biogenesis is a highly coordinated
multistep process that primarily occurs in the nucleolus,
with additional stages occurring in the nucleoplasm and
cytoplasm. This process requires three RNA polymerases
(RNA Pols), 75 small nucleolar RNAs (snoRNAs), and
more than 250 ribosome biogenesis factors (RBFs) for
regulation and completion (Fig. 2). rDNA transcription
refers to the process in the cell nucleus where the rDNA
sequence is transcribed into RNA by RNA Pols. In stem
cells, rDNA transcription is precisely regulated by modu-
lating its rate, which influences stem cell fate. The high
rDNA transcription rate is a characteristic feature of stem
cells. Stem cells, such as mESCs, exhibit higher rDNA
transcription rates than differentiated cells. Despite their
high nucleolar activity and elevated rDNA transcription
compared to differentiated cells, ESCs exhibit lower pro-
tein synthesis rates. This suggests that a high transcrip-
tional level of rDNA supports self-renewal, whereas the
inhibition of rRNA synthesis can promote differentiation
[43]. The transcription of rDNA in GSCs is performed by
a complex regulated by RNA Polymerase I (Pol I), which
comprises three components: TATA Box Binding Protein
(TBP)-Associated Factor (TAF1B), TATA box-binding
protein-associated factor, RNA polymerase I subunit C
(TAF1C), and an under-specified polymerase I cofactor
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(UDD). UDD stimulates rRNA transcription in GSCs and
is highly expressed in GSCs compared to their immedi-
ate descendant cells. The proliferative capacity of GSCs
decreased when the transcriptional activity of Pol I was
inhibited. Stem cells undergo asymmetric cell division,
resulting in an unequal distribution of certain com-
ponents between the two daughter cells. For instance,
wicked UDD and the U3 small nucleolar RNA complex
wicked (Wcd) tend to be retained to a greater extent in
stem cells following division than in their differentiating
progeny [44, 45]. This indicates that normal Pol I activity
is essential for stem cells to maintain their self-renewal
abilities. Elevated transcriptional activity of Pol I leads
to a reduction in stem cell progeny and delays cyst dif-
ferentiation in vivo [44]. High rates of rDNA transcrip-
tion in stem cells are potentially regulated by specific
transcription factors such as Oct4 and upstream binding
factor 1(UBF1) and are associated with the maintenance
of pluripotency. Interference with ribosome biogenesis
through the suppression of rRNA maturation or tran-
scription is accompanied by a decrease in the expression
of stem cell pluripotency-related mRNAs, such as Oct4,
Sox2, and Nanog [46—48]. Stem cells and their differen-
tiated progenies possess distinct physiological functions
and metabolic requirements; therefore, their transcrip-
tional regulation varies. Reducing rRNA transcription
levels triggers cell differentiation in Drosophila germline
stem cells and mouse hematopoietic progenitor cells [44,
49]. This effect is not achieved through global translation
inhibition or cell cycle arrest [49, 50]. During the differ-
entiation of ESCs into endoderm cells, the transcription
rate of rRNA decreases by approximately 50% within a
few hours owing to the disassociation of the transcription
factor UBF1 from the rRNA gene promoter. The synthesis
of rRNA decreases, and translation processes can become
imbalanced in aged stem cells, which may contribute to a
decline in stem cell functionality [51, 52].

Hypertranscription of rRNA genes is not directly asso-
ciated with increased protein synthesis; instead, it may
contribute to preserving free ribosomes that respond to
differentiation signals. A high rate of rDNA transcription
is crucial for stem cell survival. ESCs and GSCs exhibit
higher levels of rRNA expression than their differenti-
ated counterparts. In contrast, HSCs display reduced
levels of pre-rRNA and mature 18 S and 28 S rRNAs,
which are significantly lower than those found in dif-
ferentiated hematopoietic progenitor cells [49]. Differ-
ences in rDNA transcription rates among various stem
cell populations may be attributed to multiple factors,
including the cell proliferation state, microenvironment,
in vitro growth conditions, and cell-specific molecular
regulatory networks. In mouse HSCs, the silencing of
rDNA genes and downregulation of ribosome biogenesis
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Fig. 2 Ribosome biogenesis in stem cells. Top: Ribosome biogenesis tend to be higher in stem cells than in differentiated cells. During differentiation,
ribosome biogenesis is tightly and dynamically regulated in accordance with the needs of the differentiating cell. Ribosome biogenesis activity is high in
the quiescent state but decline in active stem cell, which are primed to differentiate. Ribosome biogenesis begins in the nucleolar with the synthesis of
pre-ribosomal RNA (pre-RNAs) via RNA polymerase | (Pol 1) and RNA Pol lll. Ribosome biogenesis factors and ribosomal proteins were transported into the
nucleus and nucleolus, pre-rRNA was folded and processed, and ribosomal proteins were added to form pre-40 S and pre-60 S particles. These particles
are assembled into mature ribosomes in the cytoplasm with the help of ribosome assembly factors. Multiple factors support ribosome biogenesis in stem
cells by promoting transcription of rRNA through RNA Pol |, including TAF1B, TAF1C, UDD, UBF1, Oct4 and RUNX1. Polycomb repressive complex 1(PRCT)
and nucleosome remodeling complex (NoRC) repress transcription of rDNA. NLE is involved in pre- rRNA processing and maturation. RNA Pol Il tran-
scribes mRNA of ribosomal proteins and ribosome biogenesis factors, as well as small nucleolar RNAs (snoRNAs). snoRNAs play a role in rRNA processing.
rRNA methyltransferase fibrillarin, RNA-binding protein HIV-Tat-specific factor 1(HTATSF1) involved in 18 S rRNA processing. Ribosomal L24 domain con-
taining 1(RSL24D1) is highly expressed in stem cells and involved in the maturation of the 60 S large ribosomal subunit. Ribosome biogenesis factors: NIR,
NPM1, NS, UBR2, UBRS. Ribosome assembly factors: HectD1, ZNF622, Ddx56. UDD, under-specified polymerase | cofactor; UBF1, upstream binding factor
1; Oct4, Octamer-binding protein 4; RUNX1, runt-related transcription factor; NLE, notchless. NIR, neural inhibitory nuclear factor; NPM1, Nucleophosmin;
NS, nucleostemin; UBR2, ubiquitin protein ligase E3 component n-recognin 2; UBR5, ubiquitin-protein ligase E3 component n-recognin 5; HectD1, HECT
domain E3 ubiquitin ligase 1; ZNF622, zinc finger protein 622; Ddx 56, DEAD-Box Helicase 56

are associated with stem cell aging. Despite the high rate
of rDNA transcription in stem cells, a lower level of pro-
tein translation was observed, indicating that stem cells
maintain their identity by strictly controlling the rate of
protein synthesis, independent of rDNA transcription
rates. The disparity in rDNA transcription rates between
stem cells and differentiated cells is predominantly deter-
mined by distinct protein factors that bind to the rDNA
loci. When stem cells begin to differentiate into specific
cell types, the downregulation of specific phenotypic
transcription factors inhibits rDNA activity, thereby
reducing rRNA synthesis. Studies have identified 17

pluripotency-associated factors that bind to rDNA sites
in mESCs and potentially regulate rRNA synthesis and
maintain stem cell pluripotency. Other factors involved
in rRNA regulation include histone variants, chromatin
regulators, and transcription factors. mESCs express high
levels of the histone variant H2A.X, which is abundant in
the promoter regions of rDNA and recruits the nucleo-
some-remodeling complex, a transcriptional repressor
factor, thereby inhibiting rDNA transcription [53]. Poly-
comb repressive complex 1 is a protein complex in which
the chromobox (CBX4) protein plays a role by recruiting
Kruppel-associated box protein 1 to repress transcription
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of rDNA, preventing the accumulation of mature 18 S
and 28 S rRNAs [54]. The absence of the CBX4 protein
accelerates cellular senescence in mesenchymal stem
cells; however, it has minimal impact on the phenotype of
ESCs or NSCs.

Hayashi et al. demonstrated that transcription initia-
tion factor I knockdown induces differentiation of HSCs,
suggesting that rRNA synthesis is essential for stem cell
maintenance [49]. The runt-related transcription factor
(RUNX1) directly binds to repetitive sequences within
the rDNA promoter region, ensuring appropriate lev-
els of rRNA expression and biosynthesis in HSCs [55].
Mutations in RUNXI1 are frequently observed in myelo-
dysplastic syndromes and leukemia. Fibrillarin (Fbl) is a
methyltransferase that enhances ribosomal DNA tran-
scription and ribosome biogenesis by methylating imma-
ture rRNA and histone H2A. It is highly expressed in
mouse mESCs and neuroepithelial-like progenitor cells
of the zebrafish midbrain [56]. Watanabe-Susaki et al.
revealed that overexpression of Fbl can maintain the plu-
ripotency of stem cells, even in the absence of leukemia
inhibitory factor [56].

Stem cell RBFs Despite their lower translational activ-
ity compared to differentiated cells, ESCs exhibit higher
expression of RBFs and RPs. ESC pluripotency relies on
various ribosome biogenesis factors, including the rRNA
methyltransferase fibrillarin, the RNA-binding protein
HIV-Tat-specific factor 1, and several factors involved in
18 S rRNA processing [46, 56, 57]. This suggests that they
must accumulate sufficient ribosomes to accommodate
rapid proteomic changes in response to environmental
cues and the timely initiation of differentiation programs.
Stem cells may globally regulate the expression levels of
RBFs or finely tune the stoichiometry of specific RBFs
to ensure precision and efficiency of ribosome assem-
bly, thereby adapting to the needs of stem cell function.
Single-cell analysis of zebrafish hematopoietic lineages
showed upregulation of multiple RBFs, such as nucleoste-
min (NS), Fbl, Nucleolar protein 5, nucleolar protein 10,
nucleolin (NCL), diazaborine resistance gene 1, and nucle-
olar protein 5 A [58]. Several multifunctional RBFs, such
as NS, NCL, Nucleophosmin (NPM1), Fragile X mental
retardation protein (FMRP), and the ubiquitin-protein
ligase E3 component n-recognin 5 (UBR5), are involved in
diverse processes, including the DNA damage response,
transcription, RNA transport, and protein degradation,
all of which are intricately linked to the regulation of gene
expression in stem cells [58]. NS is a prospective RBF
expressed in early mouse embryos, ESCs, MSCs, NSCs,
HSCs, hematopoietic progenitor cells, and spermatogonia
[59-63]. Ribosome biogenesis proteins, ubiquitin-protein
ligase E3 component n-recognin 2 (UBR2), and UBR5
play crucial roles in rRNA modification. UBR?2 is highly
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expressed in zebrafish hematopoietic stem cells, whereas
UBR5 is highly expressed in human and mouse ESCs.
UBRS5 interacts with box H/ACA small nucleolar ribonu-
cleoproteins, and its absence affects ribosome maturation
in mESCs. UBR5 absence leads to reduced proliferation
of ESCs, which are dependent on the p53 pathway [64].
Neural inhibitory nuclear factor (NIR) accumulates in the
nucleoli of glioma stem cells, where it interacts with the
nuclear proteins NCL and NPM1 to activate rDNA tran-
scription and promote self-renewal and tumor progres-
sion. NIR knockdown significantly inhibited the prolifera-
tion, self-renewal capacity, and tumor growth of glioma
stem cells. Studies have revealed high NIR expression in
glioblastoma multiforme (GBM), which is inversely corre-
lated with patient survival rates [65]. RP expression is also
tightly regulated in NSCs, HSCs, and ESCs. Fortier et al.
[66] revealed that insufficient RP expression can influence
ESC differentiation.

Specific RBFs are preferentially expressed and selec-
tively enriched in stem cells. For example, a phosphory-
lated adaptor for RNA export (PHAX) is an RBF involved
in the intracellular transport of small nucleolar ribonu-
cleoproteins whose expression is regulated during the
differentiation of hESCs into HSCs [67]. Certain key
RBFs are expressed at higher levels in ESCs than in their
differentiated progenies and are crucial for maintaining
their self-renewal capacity. Ribosomal L24 domain-con-
taining 1(RSL24D1) is highly expressed in stem cells and
is involved in the maturation of the 60 S large ribosomal
subunit. Loss of RSL24D1 results in reduced assembly of
the 60 S subunit, leading to decreased global translation
efficiency, particularly affecting the translation of key
pluripotency transcription factors and components of the
polycomb repressive complex 2. This, in turn, impairs the
self-renewal capacity of ESCs; however, it has less impact
on differentiation. Downregulation of RSL24D1 leads
to a decrease in H3K27me3 modification, which may
cause aberrant activation of developmental genes [68]. In
human HSCs and common myeloid or granulocyte pro-
genitors, pre-ribosome-associated RBFs and RPs exhibit
higher coexpression levels than differentiated monocytes
[69]. Rehn et al. have shown that the absence of PTBP1
leads to a condition similar to ribosomopathy. Lack of
PTBP1 is associated with decreased self-renewal ability,
reduced red blood cell differentiation, and decreased pro-
tein synthesis in HSCs. This is because the lack of PTBP1
is related to significant defects in ribosome biosynthesis
and selectively reduces the translation of mRNA encod-
ing ribosomal proteins [70]. Upregulation of RBF genes in
progenitor cells may be a conserved mechanism. Despite
the lack of evidence for the upregulation of global ribo-
some biogenesis in stem cells, the individual regulation of
key RBFs is essential for maintaining stem cell character-
istics, including those of adult stem cells and ESCs [71].
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This implies that the expression levels of these specific
factors are crucial for stem cells to maintain their undif-
ferentiated state and self-renewal capacity.

rRNA modifications and maturation of stem cells The
expression levels and post-transcriptional modifications
of rRNA play crucial roles in regulating stem cell prolif-
eration, differentiation, and fate. During stem cell differ-
entiation, not only does the expression of rRNA change,
but the regulators controlling rRNA maturation, such
as the DEAD-box-containing RNA helicase 27 (DDX27)
protein, are also altered. For instance, in zebrafish mus-
cle stem cells (MuSCs) and proliferating myoblasts, the
DDX27 gene is actively expressed; however, its expres-
sion decreases as the cells ultimately differentiate [72].
Studies have shown that the survival and proliferation of
adult stem cells such as HSCs, ISCs, and MuSCs rely on
the ribosome maturation factor notchless (NLE) [73-75].
NLE is a crucial factor in the maturation of the ribosomal
60 S subunit and is enriched in mature HSCs compared to
less mature progenitor cells and bone marrow cells [73]. It
is also highly expressed in the intestinal stem and progeni-
tor cells of mice [74], and its expression increases upon
the activation of quiescent MuSCs [75]. It is essential for
maintaining HSCs and the proliferation of muscle satel-
lite cells. Decreased NLE levels in HSCs lead to the rapid
depletion and loss of both HSCs and immature precursor
cells. Unlike HSCs, activated MuSCs undergo prolifera-
tive arrest without NLE activity. NLE inactivation leads to
accumulating pre-28 S rRNA intermediates in both HSCs
and MuSCs, concurrently activating the p53 pathway. In
HSCs, there is a significant reduction in 60 S subunits and
80 S ribosomes [73-75].

Two primary rRNA modifications, 2’-O-methylation
(2’-O-me) and pseudouridination, are essential for ribo-
some function and are finely regulated in stem cells [76,
77]. These modifications can influence rRNA functional-
ity and subsequently affect protein synthesis. Pseudouri-
dylation is the most abundant and widespread epigenetic
modification of RNA in living organisms. The 2’-O-me
of rRNA is an essential source of ribosomal heteroge-
neity, and changes in the 2’-O-me of rRNA affect neu-
ral differentiation. NPM1 and Dyskerin (DKC1) [78]
are also involved in rRNA modification, encompassing
2’-O-Me and pseudouridination. Ly-1 antibody-reactive
clone (LYAR) is a zinc-finger nucleolar protein expressed
at higher levels in mESCs than in differentiated cells.
Reduced LYAR expression in mESCs leads to cell prolif-
eration arrest and increased apoptosis. The absence of
LYAR not only affects cellular survival but also impairs
ESC differentiation [79]. This indicates that stem cells
have specific requirements for rRNA-modifying enzymes
such as DKC1 and LYAR, which differ from their dif-
ferentiated descendants. snoRNAs play crucial roles in
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rRNA modification, and studies have revealed an associa-
tion between NPM1 and numerous box H/ACA and box
C/D snoRNAs. In MEFs with NPM1 deletion, the levels
of 2’-O-me at five sites within the 28 S rRNA were signifi-
cantly reduced; however, pseudouridine levels remained
unchanged. Mice with NPM1 mutations exhibit highly
penetrant hematopoietic abnormalities reminiscent of
features observed in ribosomopathies, which are charac-
terized by excessive proliferation and impaired differen-
tiation of HSCs [80]. In ESCs, NPM1 and DKC1 can form
complexes with pluripotency factors Oct4 and Nanog,
which may be implicated in the maintenance and dif-
ferentiation of these cells [80—82]. In Drosophila, FMRP
directly binds to the 60 S ribosomal subunit and inhibits
translation by interacting with RPL5 [83]. In hESCs and
hNPCs, FMRP interacts with several box C/D snoRNAs
and mediates 2’-O-Me at 12 sites on 18 S and 28 S rRNAs
[84]. The “writer” PUS7 (pseudouridine synthase 7) mod-
ifies and activates a new tRNA-derived small fragment
network, targeting the translation initiation complex.
PUS7 inactivation in ESCs impairs tRNA-derived small
fragment-mediated translation regulation, increasing
protein biosynthesis. It plays a key role in guiding stem
cell translation and is important in disease development
[77]. KDM2B (Lysine-demethylase 2B) is a lysine demeth-
ylase containing a JmjC domain that promotes ribo-
somal biosynthesis by stimulating the transcription of
genes encoding ribosomal biosynthesis factors and pro-
teins, particularly those involved in 40 S ribosomal sub-
unit biosynthesis. Decreased KDM2B expression affects
the assembly of small and large subunit process bodies,
manifesting as defects in pre-ribosomal RNA process-
ing. KDM2B indirectly promotes the self-renewal of can-
cer stem cells [85]. During the differentiation of GSCs in
Drosophila, the absence of either pre-40 S or -60 S ribo-
some biogenesis factors, along with a specific box H/AC
snoRNP responsible for rRNA pseudouridylation, trig-
gers the initiation of GSC differentiation [26].

Ribosome assembly in stem cells Correct ribosome
biosynthesis and assembly can ensure the efficiency and
accuracy of protein translation, which is crucial for nor-
mal development and prevention of diseases such as
cancer. Large-scale, unbiased, in vivo RNA interference
screening of female Drosophila GSCs demonstrated that
genes influencing germ cell differentiation were enriched
in ribosome assembly factors, suggesting that the com-
plete detachment of daughter cells during germline divi-
sion requires the participation of ribosome assembly fac-
tors and specific translation initiation factors [26]. The
transition of GSCs from self-renewal to differentiation
relies on enhanced ribosome biogenesis and increased
protein synthesis. Ribosome assembly and specific trans-
lation initiation factors are crucial for GSC daughter cell
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abscission. A reduction in ribosomal assembly compo-
nents and translation initiators such as eIF4E leads to the
formation of undifferentiated interconnected cells [26].
HECT domain E3 ubiquitin ligase 1 (HectD1) affects ribo-
somal assembly via ubiquitination and degradation of the
60 S subunit assembly factor ZNF622 (zinc finger protein
622). The absence of HectD1 leads to the accumulation of
ZNF622 and eIlF6, which in turn affects the binding of the
60 S/40S subunits and the regenerative ability of HSCs.
Depletion of ZNF622 in HectD1-deficient HSCs restores
ribosomal assembly, protein synthesis, and HSC recon-
struction abilities [86]. Shwachman—-Diamond syndrome
is related to ribosomal dysfunction and is usually caused
by mutations in ribosomal assembly factors [87, 88]. In
patients with Shwachman Diamond syndrome, germ-
line mutations have been found in three genes, SBDS,
DNAJC21, and EFL1, all involved in the maturation and
assembly of the 60 S subunit [89-92]. These mutations
lead to ribosomal subunit binding defects and a decrease
in the rate of protein synthesis [91, 93—95]. This indicates
that HSCs are particularly sensitive to disturbances in the
ribosome assembly. Gene knockout and overexpression
studies have shown that DEAD-Box Helicase 56 (DDX 56)
is involved in ribosome assembly and that its deletion can
lead to growth defects and cell death in mESCs. Addition-
ally, Ddx56 maintains mESC proliferation by interacting
with the Oct4/Sox2 complex [96].

Precise and dynamic regulation of protein synthesis is
essential for stem cell differentiation

Translation rates increase during the activation of qui-
escent stem cells into proliferative progenitors. High
protein synthesis rates throughout maturation are main-
tained until the cell eventually differentiates into a non-
dividing cell, at which point translation rates decline [71].
In EBs, cell differentiation is a highly energy-intensive
metabolic process during which cells synthesize numer-
ous proteins to support changes in form and function
[66]. As differentiation progresses, a series of translation
regulatory factors selectively promote the translation of
mRNA related to cell differentiation, thereby ensuring
the accuracy and reliability of the entire differentiation
process. ESC differentiation is accompanied by a sig-
nificant increase in the rate of protein synthesis and the
development of associated organelles, which leads to a
rise in the homeostatic protein content of each cell and
corresponding adaptive changes in the cell structure. The
rate of protein synthesis doubles during the differentia-
tion of ESCs into other cell types [16].

Dormant NSCs are characterized by high glycolysis
and lipid metabolism and transition to high protein syn-
thesis and differentiation readiness when activated [23].
Neurons maintain a portion of their mRNA through
translational silencing. This efficient and energy-saving
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biological strategy ensures they can respond quickly
and accurately to external stimuli while avoiding energy
waste caused by excessive protein production [27]. The
binding ability of O-propargyl-puromycin to newly syn-
thesized polypeptide chains was used to quantitatively
measure the overall rate of protein synthesis within the
cellular environment. The results revealed more pro-
nounced labeling signals in the suprabasal layers of the
interfollicular epidermis than in the basal layer, indicat-
ing enhanced global protein synthesis during epithelial
differentiation. This observation aligns with the require-
ment for substantial production of novel proteins during
cell differentiation to fulfill functional adaptations [97].

Hierarchical translational regulation during differentiation of
stem cells

Modulation of the translation rate is governed by vari-
ous regulatory factors, including mRNA stability, pro-
moter activity, and availability of translation initiation
complexes. These elements are intricately regulated
during stem cell activation and differentiation to ensure
cells adapt to new biological states. Ribosome-associated
mRNA quality control may be crucial in stem cells with
high plasticity and critical functions [97]. In the early dif-
ferentiation of hESCs, alteration of translation efficiency
is one of the main mechanisms, and RNA-binding pro-
teins such as LIN28 play an important regulatory role.
LIN28 enhances translation by recruiting RNA helicase
A to polyribosomes, allowing the ribosomes to read and
synthesize the corresponding proteins more efficiently.
In ESCs, mRNAs with LIN28-enhanced translation are
critical for cell growth and development [98]. Sampath et
al. used translation state array analysis to reveal changes
in translation efficiency during ESC differentiation and
observed increased mRNA and ribosome loading in dif-
ferentiated cells. In EBs, the polyribosomal portion of
the cytoplasmic lysate significantly increased by approxi-
mately 60%. During differentiation, ESCs form a poly-
some profile similar to highly metabolically active cells,
such as HeLa or activated T cells [16].

Stem cell differentiation is a hierarchical transla-
tional regulation process. As stem cells transition from
an undifferentiated state to a specialized cell type, the
translation of different genes is activated or suppressed
sequentially and hierarchically. In ESCs, a translational
regulatory cascade has been identified from the mTOR
pathway to 4EBPI, deleted in azoospermia-like (DAZL)
and guanine-rich sequence binding factor 1 (GRSF1). As
a target of the mTOR pathway, the reduced translation
efficiency of DAZL leads to decreased protein levels and
participation in the translation regulatory cascade [99].
Certain types of ribosomes specialize in translating par-
ticular mRNA molecules so that specific gene expression
can be achieved preferentially or efficiently. This is also
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called ribosome specialization [100-102]. The subunit
composition of ribosomes is crucial for achieving speci-
ficity and precise regulation of gene expression, which
may directly impact the determination and function of
stem cells. In mESCs, the ratio of monosome to poly-
some ribosomal subunits is distinct and associated with
different mRNAs [103]. This suggests that ribosome com-
position influences the translation of specific mRNAs.
Certain ribosomal proteins can directly guide specific
translation processes through mechanisms dependent on
internal ribosomal entry sites [104]. Transcript-specific
translation pathways rely on elF3 to initiate and control
the translation of specific mRNA [105]. hESCs may sepa-
rate the translation of different types of mRNA through
ribosome specialization and transcription-specific trans-
lation pathways, thus ensuring the precise regulation of
proteins required for cell development and differentia-
tion. Preferential translation of translation-related genes
occurs in hESCs; however, the molecular mechanisms
involved require further exploration. Under varying
environmental conditions or physiological states, cer-
tain mRNAs in stem cells exhibit higher or lower transla-
tional efficiencies than others do. Differential translation
efficiency and its impact on stem cell differentiation, the
relationship between global translation alterations, the
translation of key transcripts, and their specific roles in
the differentiation process warrant further investigation.

Studies have shown that the RNA helicase DDX6
(DEAD-box helicase 6) is crucial for guiding pluripotent
stem cells, such as mESCs and human pluripotent stem
cells (hPSCs), to lose their pluripotency and enter the
differentiation pathway. When DDX6 proteins bind to
specific mRNAs, these mRNAs are directed to P-bodies,
and the translation process of DDX6-bound mRNAs is
inhibited. Once DDX6 activity is lost, the processing
body (P-body) dissolves and releases mRNA-encoding
transcription and chromatin factors, re-entering the
ribosome pool for translation. DDX6 silencing inhibits
P-body assembly, allowing cells to maintain high levels of
pluripotency marker expression and thus resist differen-
tiation. DDX6 inhibition also prompts cells to acquire an
“ultra-pluripotent” state similar to that in early embryos
[106].

Lee et al. found that conditioned deletion of phospha-
tase and tensin homolog (PTEN) genes in HSCs leads to
abnormal activation of the mTORC1 signaling pathway,
resulting in increased phosphorylation of 4E-BP and pro-
tein synthesis, ultimately leading to accelerated HSCs
depletion [107]. By reducing 4E-BP2 expression, Hart-
man et al. increased protein synthesis in neural precursor
cells, leading to premature neuronal differentiation [34].
Similarly, Yang et al. found that if the levels of eIF4E1,
another key factor involved in the initiation of protein
translation, were reduced in neural precursor cells, a
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similar effect was induced, enhancing protein synthesis
and promoting early neural differentiation [108].

In germline stem cells, the overactivity of ribosome
biogenesis, such as rapid nucleolar synthesis of ribo-
somes, promotes stem cell growth. This is because more
ribosomes can accelerate protein synthesis within cells,
thus meeting the need for rapid proliferation and self-
renewal of stem cells [26]. In the early stages of ESC dif-
ferentiation, RP expression was moderately upregulated;
therefore, the number of RPs involved in ribosome con-
struction and protein synthesis increased. This finding
is consistent with the results of previous polyribosome
analyses. Moreover, the translation efficiencies of differ-
ent mRNA molecules vary greatly. Studies have shown
that RPL38 can selectively control the translation of some
genes, including Homeobox (Hox) [102]. Therefore, dif-
ferent RPs may regulate specific gene translation types,
affecting the functional properties of different cells [17].
Signals are issues worthy of in-depth studies on how the
protein synthesis machinery perceives signals that trigger
stem cell differentiation and the mechanisms by which
protein synthesis signaling pathways communicate with
stem cell differentiation.

Mitochondrial ribosome translation in stem cell fate

The self-renewal and rapid proliferation of ESCs are
highly dependent on glycolysis [109]. ESCs undergo sig-
nificant metabolic reprogramming during differentia-
tion, shifting glycolysis towards mitochondrial oxidative
phosphorylation (OXPHOS) [110]. To meet the demand
for increased OXPHOS during this process, a series of
mitochondrial changes occur, including an increase in
mitochondrial number, electron transfer chain density,
tricarboxylic acid cycle activation, and adenosine tri-
phosphate production [111-114]. Mitochondrial ribo-
somes translate the key core proteins of the electron
transfer chain that are essential for their function. Several
studies have indicated that mitochondrial ribosomal pro-
tein translation is important in stem cell self-renewal and
differentiation.

Methylation and other modifications of rRNA and
tRNA are crucial for mitochondrial biogenesis and effi-
cient and accurate protein translation [115]. The METTL
family of proteins is involved in mRNA stability and
translation efficiency. In the Mettl family, Mettl17 is a
mitochondrial protein associated with chromosome
4 open reading frame 14 (C4orfl4), a mitoribosome-
interacting GTPase [116] that is crucial for the stabil-
ity of mitochondrial small subunit complexes, ribosome
assembly, and protein translation. The absence of Mettl17
led to a reduction of approximately 50-70% in the modi-
fication of 12S rRNA (m4C840 and m5C842), signifi-
cantly reducing mitochondrial oxidative phosphorylation
and delaying mESC differentiation [117] (Fig. 3). Mettl8
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Fig. 3 Mitochondrial ribosome translation and stem cell fate. Stem cell mitochondrial proteins, EXD2, Fancd2, Mettl17 and Mettl8, regulate mitochon-
drial protein synthesis. Mettl8 is an mt-tRNA m3C methyltransferase. Deletion of Mettl8 in stem cell leads to reduced m3C modification of mt-tRNA Thr/
Ser, decreased mitochondrial protein translation. NSUN3 is an RNA cytosine methyltransferase that catalyzes the generation of 5-methylcytosine in the

anticodon loop of mitochondrial tRNAM®!

in stem cells. The bacterial antibiotic quinolopristine/dafopristine (Q/D) binds to the mitochondrial ribosome

subunit and inhibits the translation of mitochondrial proteins, leading to OXPHOS dysregulation and glioblastoma stem cells growth inhibition. EXD2,
Exonuclease 3-5'domain-containing 2; Fancd 2, FA group D2 protein; Mettl8, methyltransferase-like 8; Mettl17, methyltransferase-like 17; NSUN3, NOP2/

Sun RNA methyltransferase 3

is an mt-tRNA m3C methyltransferase that regulates
mitochondrial protein translation and activity, particu-
larly in immortalized and cancer cells. Deletion of Mettl8
in mouse embryonic cortical NSCs led to reduced m3C
modification of mt-tRNA Thr/Ser, decreased mitochon-
drial protein translation, and impaired mitochondrial
function. The conditional knockout of Mettl8 in mice
resulted in impaired maintenance of embryonic cortical
neural stem cells in vivo; however, this effect was reversed
by enhancing mitochondrial function through pharma-
cological methods. Mettl8 also promotes mitochondrial
protein expression and neural stem cell maintenance in
human cortical organoids. The absence of Mettl8 leads
to the impaired maintenance of cortical neural stem
cells in human forebrain organoids, accompanied by
increased neural differentiation [118]. Exonuclease 3’-5’
domain-containing 2 (EXD2) is a protein encoded by the
nucleus and located in the mitochondria that prevents

the abnormal binding of mRNA to mitochondrial ribo-
somes. Its deficiency leads to defects in mitochondrial
translation, decreased respiration, decreased adenosine
triphosphate production, increased oxygen species (ROS)
levels, and decreased mtDNA levels. In a Drosophila
model, the absence of EXD2 accelerated the depletion
of reproductive stem cells, affected Drosophila develop-
ment, and prolonged the lifespan [119]. The bacterial
antibiotics quinolopristine/dafopristine have been found
to effectively inhibit glioblastoma stem cell growth. It
binds to the mitochondrial ribosome subunit and inhib-
its the translation of mitochondrial proteins, leading
to OXPHOS dysregulation and glioblastoma stem cell
growth inhibition, demonstrating its potential therapeu-
tic effects. Therefore, targeting mitochondrial translation
may be a promising approach for treating glioblastoma
stem cells and GBM [120]. NOP2/Sun RNA methyltrans-
ferase 3 (NSUN3) is an RNA cytosine methyltransferase
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that catalyzes the synthesis of 5-methylcytosine in the
anticodon loop of mitochondrial tRNAM®® in human
cells. This modification is crucial for normal mitochon-
drial translation and functioning. Stem cells with NSUN3
mutations show a significant reduction in mt-tRNAM®t
methylation and formylation, as well as decreased mito-
chondrial translation and respiration. NSUN3 muta-
tions lead to mitochondrial dysfunction, which, in turn,
affects cell differentiation. The differentiation of ESCs
tends towards the mesodermal and endodermal lin-
eages, whereas differentiation of the neuroectoderm
is impaired in stem cells with NSUN3 mutations. This
indicates that the catalytic inactivation of NSUN3 affects
the self-renewal and differentiation potential of mESCs
[121]. mTORC]1 regulates translation initiation through
elF4F mainly by targeting cytoplasmic and mitochondrial
ribosomes [122]. The specific mitochondrial translation
inhibitor chloramphenicol directly suppresses mitochon-
drial translation, which reduces ROS, mitochondrial
mass, and mtDNA content and prevents the self-renewal
of mESCs. This indicates that the inhibition of mTORC1
or mitochondrial translation successfully induces a plu-
ripotent state while maintaining the differentiation
potential of mESCs [122]. Studies have shown that the
increased mitochondrial protein synthesis observed in
FA group D2 protein (Fancd 2)-knockout mouse hema-
topoietic stem and progenitor cells is directly related to
the enhancement of mitochondrial translation. Hemato-
poietic stem and progenitor cells with Fancd 2 deficiency
are particularly sensitive to inhibition of mitochondrial
translation and rely on enhanced mitochondrial transla-
tion for survival and proliferation. These results indicate
that Fancd 2 limits mitochondrial activity by regulating
mitochondrial translation and that enhanced mitochon-
drial translation and respiration may play a role in HSC
deficiency and bone marrow failure in patients with Fan-
coni anemia [123].

Ribosome-based stem cell therapy

Stem cell therapy is a powerful tool in clinical medical
research that promotes the development of personal-
ized medicine. Patients can be treated using stem cells
extracted from their bodies to avoid immune rejection
reactions and other risks, thereby achieving the goal of
personalized clinical treatment. Stem cell ribosomes
possess unique characteristics that confer advantages to
stem cell therapy.

Ribosomal heterogeneity and stem cell therapy

Due to the heterogeneity of ribosomes, their composi-
tion and function may vary across different cell types and
physiological states. This variation offers a new approach
to stem cell-targeted therapy. Personalized treatment
plans can be developed by adjusting the composition and
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function of ribosomes according to the patient’s condi-
tion and cell type. For example, modulating the ribosome
composition and function for specific types of tumor
stem cells can enhance their ability to synthesize tumor-
related proteins, thereby improving their therapeutic
efficacy. Ribosome heterogeneity provides novel targets
for drug design and screening. Ribosomal heterogeneity
may also play a role in the self-renewal and differentia-
tion of stem cells. Dynamic changes in 2'-O-methylation
of rRNA regulate the in vivo activity of acute myeloid
leukemia stem cells (LSCs). The rRNA 2’-O-methyla-
tion pattern is closely associated with the stages of acute
myeloid leukemia (AML) development and the gene
expression characteristics of LSCs. Forced expression of
the 2'-O-methyltransferase Fbl induces an AML stem cell
phenotype and enables non-LSC leukemia cells to engraft
in NSG mice. Dynamic 2’-O-methylation at specific sites
on rRNA alters translational preferences and controls the
self-renewal of AML LSCs [124]. Understanding this het-
erogeneity can facilitate or inhibit stem cell self-renewal
and differentiation by modulating ribosomal function
and protein translation, thereby providing new strategies
for stem cell therapy.

Ribosome translation and biosynthesis as new therapeutic
strategies in stem cell therapy

Ribosomal protein translation plays a crucial role in
stem cell differentiation. By regulating this process, the
direction and speed of stem cell differentiation can be
influenced, thereby playing a significant role in disease
treatment. For example, by modulating the synthesis of
specific proteins, stem cells can be induced to differenti-
ate into specific cell types to treat certain diseases. Stem
cells isolated from deciduous teeth (SHED) have low
immunogenicity, no ethical issues, and are easily acces-
sible. They are derived from the neural crest and have
potential for use in cell therapy. Xing et al. cultured SHED
in vitro and injected them into mice via the tail vein.
SHED migrated mainly to the liver, spleen, and lungs of
mice. Six months of continuous SHED injection signifi-
cantly alleviated the aging of the liver, downregulated
most ribosomal proteins, and upregulated the ribosomal
biosynthesis proteins Rpsa (promoting the degradation
of the installed proteins) and RplpO (an indicative part of
the transition elongation complex) [125].

CSCs are the major driving force for tumor recurrence
and metastasis, and their rapid growth and mutation
rates make targeting CSCs challenging. Several studies
have targeted abundant ribosomes in CSCs for photody-
namic therapy. Wang et al. coassembled the amino acid
porphyrin with a short peptide to form nanoparticles
(NPs) that carry a positive charge in the acidic tumor
microenvironment. NPs target the nucleus and inter-
act with ribosomes. The NPs produced a large amount
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of ROS upon light irradiation, significantly damaging
ribosomes. This led to cell apoptosis and reduced CSC
markers CD44 and CD133 expression, demonstrating
inhibitory effects on CSCs [126]. During the proliferative
phase of regeneration in zebrafish, axolotls, and planar-
ians, mTOR is activated and stimulates quiescent stem
cells [127-129] participating in the repair process [130].
The regulatory mechanisms that maintain low protein
synthesis rates and selective translation in stem cells may
be exploited by cancer cells to promote undifferentiated
tumors with aggressive and poor prognoses. If drugs
that interfere with low protein synthesis in stem cells are
screened, synthetic biology can synthesize ribosomes and
optimize ribosomal proteins; disrupting low protein syn-
thesis and selective translation in cancer stem cells could
potentially promote tumor differentiation. Therefore, tar-
geted drugs can be designed based on ribosomal transla-
tion to specifically inhibit the synthesis of proteins that
act on stem cell ribosomes. This strategy offers new pos-
sibilities and directions for targeted stem cell therapies.

Certain diseases are associated with the abnormal
expression or dysfunction of specific proteins. Disease
intervention and treatment can be achieved by modu-
lating protein synthesis. Using stem cell technology to
regulate ribosomal protein translation may lead to the
development of more effective treatments. For instance,
specific genes can be knocked out or overexpressed to
influence ribosomal protein translation through gene
editing techniques, ultimately achieving therapeutic
goals. Glioblastoma stem cells are a major cause of glio-
blastoma recurrence and treatment failure. Therefore,
treatment strategies that target glioblastoma stem cells
may significantly improve GBM prognosis. WDR12
(WD Repeat Domain 12) is highly expressed in glioblas-
toma stem cells and is a member of the Pes1-Bopl com-
plex (PeBoW), is highly expressed in glioblastoma stem
cells and is essential for maintaining ribosomal biogen-
esis in the PeBoW complex and glioblastoma stem cells.
The inhibition of WDR12 can lead to the degradation
of PeBoW complex components, prevent the matura-
tion of 28 S rRNA, and inhibit ribosomal biosynthesis
in glioblastoma stem cells. Reduced WDR12 expression
hindered glioblastoma stem cell proliferation, inhibited
glioblastoma stem cell-derived in situ tumor growth,
and prolonged survival. Therefore, targeting WDR12 to
inhibit ribosome biogenesis may be a promising strategy
for GBM therapy [131].

Ribosome have “extra-ribosome function” involved in the
occurrence and development of various diseases

An increasing number of studies have shown that ribo-
somes not only have translation functions but also have
“ . . ” . .

extra-ribosome function” involved in the occurrence
and development of various diseases, including cancer.
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Previous studies have shown that ribosome incorpora-
tion induces stem cell-like characteristics and multidi-
rectional differentiation of somatic cells [132]. Ribosomal
protein S6 promotes GSC characteristics in glioblastoma
cells; therefore, it may play a key role in acquiring stem
cell-like characteristics and therapeutic resistance in
glioblastoma cells. The functional role of ribosomes as
in vitro de-differentiation factors is a novel discovery in
cellular reprogramming. Exogenous ribosome incorpora-
tion can reverse somatic and cancer cells into a multipo-
tent state [132—134]. This process involves the possible
interaction between ribosomal proteins and transcrip-
tion factors, possibly leading to the abnormal expression
of stem cell-specific transcription factors such as Oct4,
Nanog, and Sox2. Ribosome-mediated reprogramming
does not rely on the translational activity of exogenous
ribosomes. However, during pluripotency induction,
ribosome incorporation is often accompanied by senes-
cence-like states and cellular stress responses. Ribosome-
incorporated cell clusters possess certain stem cell-like
characteristics; however, they may not have the ability
to self-renew, and instead tend to remain quiescent and
differentiate. This ribosome-induced characteristic has
potential applications in regenerative medicine and can-
cer treatments. These findings indicate that ribosomes
are important targets for stem cell therapies. Despite the
enormous potential of stem cell therapy, its application
carries certain risks, such as immune reactions, heterolo-
gous infections, and tumor formation.

Conclusions and perspectives

Long noncoding RNAs are also found to be involved in
translational regulation [17, 135]. They can sometimes
be translated into functional peptide chains or regulate
self-renewal and differentiation via other mechanisms.
Translation of chromatin modifications maintains the
open chromatin state in ESCs; however, the functional
and mechanistic connections between transcription and
translation require further investigation. Moreover, the
communication mechanism between ribosomal transla-
tion and self-renewal and differentiation signals in stem
cells, that is, how stem cells perceive their differentiation
status through specific pathways to regulate ribosome
biogenesis and translation, thereby playing a functional
role in stem cell differentiation and self-renewal. In the
next decade, we will gain a deeper understanding of these
processes in stem cells and discover novel mechanisms
that remain unelucidated.

Human pluripotent stem cells have an enormous
potential for cell therapy and other applications. Over 14
cell therapies for diseases and injuries have entered or are
about to enter clinical trials. Therefore, in-depth research
into the characteristics of stem cells and their utiliza-
tion in stem cell therapy is of great significance. The
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control of ribosomal translation plays a crucial role in the
self-renewal, differentiation, implantation, and tumor-
suppressive functions of stem cells. Ribosomal transla-
tion not only precisely maintains the specific proteome
necessary to maintain undifferentiated cell identity and
stem cell pluripotency but also rapidly reprograms gene
expression in response to fate change signals or environ-
mental stimuli. We propose that ribosomal translation is
a key factor in regulating gene expression in stem cells.
We believe that future advancements in omics technology
will reveal new paradigms in ribosomal protein synthe-
sis in stem cells. New technologies in ribosome research,
such as single-cell RNA sequencing and single-cell pro-
teomics, have enabled precise studies on mRNA transla-
tional regulation over time and space, which are crucial
for understanding stem cell function and differentiation.
Methods such as synthetic biology may also offer a viable
approach using small molecules to synthesize ribosomes.
Current proteomic technologies have advanced to accu-
rately compare the abundance of specific ribosomal pro-
teins during active translation and measure protein levels
within non-denatured ribosomes. This provides novel
and powerful drug-targeting pathways for ribosomal het-
erogeneity. Such ribosome-targeted therapies may not be
limited to specific ribosomopathies but can also enhance
the efficacy of other drugs by targeting ribosomal fea-
tures unique to diseased cells, particularly cancer cells
or activated immune cells, or by impairing the produc-
tion of new proteins in target tissues. We may also better
leverage the potential power of ribosomal diversity and
specialization to tailor synthetic biology for the produc-
tion of pharmaceutical proteins.
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