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Abstract

Due to spatial and genomic independence, mitochondria possess a translational mechanism distinct from that of
cytoplasmic translation. Several regulators participate in the modulation of mitochondrial translation. Mitochondrial
translation is coordinated with cytoplasmic translation through stress responses. Importantly, the inhibition of
mitochondrial translation leads to the inhibition of cytoplasmic translation and metabolic disruption. Therefore,
defects in mitochondrial translation are closely related to the functions of hematopoietic cells and various immune
cells. Finally, the inhibition of mitochondrial translation is a potential therapeutic target for treating multiple
hematologic malignancies. Collectively, more in-depth insights into mitochondrial translation not only facilitate our
understanding of its functions in hematopoiesis, but also provide a basis for the discovery of new treatments for
hematological malignancies and the modulation of immune cell function.
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Background

Mitochondria have retained their genomes throughout
evolution to synthesize 13 core components of oxidative
phosphorylation complexes (Table 1). Through this pro-
cess, mitochondria generate a protein translation system
that differs distinctly from that in the cytoplasm. Previous
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studies of mitochondrial translation have focused mainly
on genetic diseases caused by mitochondrial mutations
[1], and mitochondrial translation has been applied as a
common antibiotic target [2]. In addition, recent studies
emerge that mitochondrial translation is extremely likely
to play a central role in hematopoiesis.

Hematopoiesis is the process of blood cell formation
that occurs primarily in the bone marrow, which involves
the differentiation of hematopoietic stem cells (HSCs)
into various types of blood cells, including erythrocytes,
leukocytes, and platelets. Recent evidence increasingly
highlights the importance of mitochondrial translation
in normal hematopoiesis. For example, the disruption
of mitochondrial translation results in the impaired ery-
throid differentiation of HSCs [3, 4]. Additionally, mito-
chondrial translation regulates the functions of various
types of blood cells, especially lymphoid cells. Deficien-
cies in mitochondrial translation have been closely linked
to impaired T-cell effector function, yet the precise
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Table 1 Mitochondria-encoded proteins and factors
coordinating OXPHOS complex assembly
13 Mitochondria-encoded proteins

NADH dehydrogenase ND1, ND2, ND3, ND4, ND4L, ND5, ND6
Cytochrome reductase Cytb

Cytochrome c oxidase CO1,C0O2,C0o3

ATP synthase ATP6, ATP8

Factors coordinating OXPHOS complex assembly
TACO1

C120RF62, MITRACT2
miR-1, miR-499-5p, miR-101

Translation regulator
OXPHOS assembly factor
miRNAs

mechanisms involved remain unclear [5-7]. Malignant
hematopoiesis, which underlies multiple hematological
malignancies and is characterized by the uncontrolled
growth and accumulation of abnormal blood cells, is also
regulated by mitochondrial translation. Inhibiting mito-
chondrial translation has shown potential for suppressing
the progression of various hematologic diseases, making
it a promising target for therapeutic intervention [8, 9].
However, the mechanisms by which mitochondrial trans-
lation regulates normal and malignant hematopoiesis
remain largely unknown.

In this review, we summarize the process of human
mitochondrial translation and delineate its upstream
and downstream regulatory mechanisms. Importantly,
we provide a comprehensive overview of the impacts
of mitochondrial translation on normal and malignant
hematopoiesis. Furthermore, this review outlines the
current technical approaches for studying mitochondrial
translation to provide a detailed understanding of the
role of mitochondrial translation in future research.

Specific Translation Machinery in Mitochondria
Originating from proteobacteria, mitochondria have
retained their own genomes and specific machinery
required for mitochondrial protein synthesis [10]. In
order to meet the requirements for synthesizing mito-
chondrial membrane proteins, the translation systems in
mitochondria, including ribosomes and translation fac-
tors, is apart from translation systems in the cytoplasm.
In this section, we will introduce the process of mito-
chondrial translation and discuss its differences from
cytoplasmic translation. Additionally, in recent studies,
many components in mitochondrial translation system
have been found to affect hematopoiesis, which will be
discussed in this section as well.

Mitochondrial ribosome structure

In all organisms, ribosomes consist of two distinct sub-
units: a small subunit (SSU), which binds to messenger
RNAs (mRNAs), and a large subunit (LSU). In mammals,
mitochondrial ribosomes exist as 55 S particles, each
composed of a 39 S LSU and a 28 S SSU rather than the
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80 S ribosomes found in the cytoplasm. A mitochondrial
LSU is composed of 16 S RNA, a tRNA, and 52 mito-
chondrial ribosomal proteins (MRPs). A mitochondrial
SSU consists of a 12 S RNA and 30 MRPs. All RNA com-
ponents are encoded by mitochondrial DNA (mtDNA)
[11]. Compared to cytoplasmic ribosomes, mitochon-
drial ribosomes have a more streamlined composition of
proteins and RNAs. And many MRPs contribute to the
functional specialization of mitochondrial ribosomes.
For example, some MRPs form a specialized tunnel to
insert nascent peptide chains into the inner mitochon-
drial membrane (IMM) [12]. Additionally, MRPs such as
CRIF1 and MRPL45 also participate in this process [12,
13].

Notably, the expression of MRPs is altered in vari-
ous tumor cells and has long been recognized as closely
associated with tumorigenesis and metastasis [14]. In
recent years, numerous MRPs have been found to impact
both normal and malignant hematopoiesis. Firstly, some
MRPs are identified as biological markers for hemato-
logic malignancies. For example, MRPL22 forms a fusion
gene with LARPI, and is recurrently expressed in B-cell
non-Hodgkin lymphoma (B-NHL), where it is believed to
have lymphomagenic functions [15]. MRPL38 has been
found to be overexpressed in precursor T-cell lympho-
blastic lymphoma/leukemia (pre-T LBL) and is identi-
fied as a marker for oncogenic pathways and prognosis
[16]. Moreover, the expression of MRPL21 and MRPS37
is elevated in acute myeloid leukemia (AML) cells with
first relapse, and these proteins are considered markers
of relapsed AML cells [17]. Secondly, some MRPs are
considered potential therapeutic targets. For instance,
MRPLI5 is believed to be a target of the tumor-suppress-
ing microRNA, miR-26b-5p, and its deletion can inhibit
the proliferation of Burkitt lymphoma [18]. Thirdly, cer-
tain MRPs have prognostic value. For example, elevated
expression of MRPL33 indicates poor prognosis in AML
[19], while high levels of MRPS31 suggest a favorable
prognosis in multiple myeloma (MM) [20]. Lastly, some
MRPs play roles in normal hematopoietic cells. MRPL3,
MRPL13, and MRPL47 have been found to promote mac-
rophage polarization towards the M2 phenotype [21].

Among these MRPs, CR6-interacting factor 1 (CRIF1),
a component of the mitochondrial LSU, shows diverse
functions in hematopoiesis. As a tumor suppressor,
CRIF1 induces cell cycle arrest in leukemia cells by inhib-
iting CDK2, while its deletion enhances the survival of
leukemic T cells [22, 23]. Additionally, CRIF1 can be
inhibited by lymphocyte-specific protein tyrosine kinase
(Lck), a key factor in leukemia development, thus further
promoting leukemic cell survival [23]. Recent studies
have also demonstrated involvement of CRIF1 in lym-
phocyte functional modulation. CRIF1-deficient CD4*
T cells show increased interleukin-17 (IL-17) production
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and reduced regulatory T cell differentiation [24]. In
another study, the deletion of CRIF1 was shown to cause
mitochondrial dysfunction and upregulate glutaminoly-
sis, leading to the generation of inflammatory non-sup-
pressive regulatory T cells characterized by diminished
suppressive capacity [25]. CRIF1-deficient B cells were
found to enhance IL-17 and IL-6 production and more
effectively promote the development of follicular helper
T cells [26]. Furthermore, the deletion of CRIF1 pro-
motes the polarization of macrophages towards the M1
phenotype [27].

Assembly of mitochondrial ribosomes

All mitochondrial ribosomal RNAs are encoded by
mtDNA, whereas the proteins that compose the mito-
chondrial ribosome are encoded by nuclear DNA. These
components, originating from different cellular com-
partments, are assembled into mitochondrial ribosomes
through the actions of various biogenesis factors, includ-
ing nucleases, RNA-modifying enzymes, DEAD-box
helicases, GTPases, and other associated proteins [28].
Several mitochondrial ribosome assembly factors have
been found to play a role in immune cells and malignant
hematopoiesis. Clgbp, a factor that binds unassembled
LSU proteins and facilitates their incorporation into
the ribosome, promotes the differentiation of effector
CD8* T cells via epigenetic pathways [29]. Additionally,
NSUN4, an SSU assembly factor, is considered a bio-
marker for pediatric acute lymphoblastic leukemia (ALL)
[30].

Notably, the import of mitochondrial ribosomal pro-
teins into the mitochondrial matrix occurs in excess
rather than in stoichiometric amounts matching those of
the ribosomal RNAs (rRNAs). Overexpression of mito-
chondrial ribosomal proteins provides ample materi-
als for mitochondrial ribosome assembly. However, the
accessibility of the proper proteins from the large MRP
pool may increase the time of mitochondrial ribosome
biogenesis; this process lasts 2—3 h in total [31]. MRPs
that are not involved in the assembly are degraded, which
is essential to avoid excessive MRP accumulation [31].
However, whether specific degradation mechanisms are
involved remains to be explored.

The mitochondrial translation cycle

Mitochondrial protein synthesis is performed by 55 S
ribosomes with the help of many specific translation fac-
tors. Translation comprises four major steps: initiation,
elongation, termination, and ribosome recycling (Fig. 1).
In this section, we provide a comprehensive introduction
to the translation factors required for protein synthesis
in mitochondria and summarize the processes of each
phase of mitochondrial translation.
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Initiation

During the initiation phase of translation, mRNAs bind
to the SSU, and initiation codons are recognized by ini-
tial transfer RNAs (tRNAs), thereby initiating the trans-
lation cycle. Notably, mammalian mitochondrial mRNAs
are leaderless. They lack 5" UTRs, and most lack 3* UTRs
[32]. In mitochondrial translation, the initiation tRNAs
differ from their cytoplasmic counterparts in that they
usually carry a formylated methionine (fMet-tRNAM®)
instead of an unmodified amino acid methionine (Met-
tRNAM®Y) [33]. Generally, mitochondrial open reading
frames start with an AUG codon, which can also be an
AUA or an AUU in humans [34]. In mammals, a single
type of mitochondrial tRNAM® is used to initiate all these
codons, and this versatility is achieved by modifying the
wobble base to a formyl cytosine [35-37].

In the cytoplasm, translation initiation is facilitated
by numerous translation factors, such as elF1, elF2, and
elF3, whereas mitochondrial translation relies on only
two factors: mtIF2 and mtIF3. mtIF2, through a specific
domain insertion, compensates for the absence of elF1
and prevents tRNA from binding to the ribosomal A site,
thus ensuring proper initiation [38—40]. The precise role
of mtIF3 in translation initiation is still not fully under-
stood. mtIF3 can either promote or inhibit the binding
of the initiating tRNA, depending on the presence or
absence of the mRNA, respectively [41-44]. Researchers
have hypothesized that mtIF3 coordinates the initiation
process by first facilitating the binding of mRNA to the
SSU, as confirmed by cryo-electron microscopy results
[45]. Notably, deletion of mtIF3 in megakaryocytes leads
to increased megakaryocyte polyploidy, elevated circulat-
ing reticulated platelets and thrombocytopenia, indicat-
ing mtIF3 plays a role in the maturity of megakaryocytes
[46].

Elongation

The elongation phase of translation consists of three
steps: selection of an aminoacyl-tRNA correspond-
ing to the mRNA codon, peptide bond formation, and
translocation of the mRNA-tRNA complex. This pro-
gram is conserved across all ribosomes. The selection
and delivery of the corresponding tRNA are achieved
by two elongation factors named mtEFTu and mtEFTs.
Aminoacyl-tRNA is transported to the elongation com-
plex by mtEFTu through GTP hydrolysis within the mito-
chondria. Once transported, mtEFTs, a guanine binding
factor, binds mtEFTu with GTP to transport the next
aminoacyl-tRNA [47-50].

As the nascent peptide chain extends during the
elongation process, the ribosome must translocate the
mRNA and tRNA to decode the next codon. This pro-
cess is conducted by mtEFG1, a GTPase in mitochondria
[51-53]. mtEF4 (also known as GUF1) functions in the
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Fig. 1 The human mitochondrial translation cycle

Protein synthesis consists of four distinct steps: initiation, elongation, termination, and recycling. Mitochondria employ a simplified set of translation
factors to perform the translation process. During initiation, mtIF2 and mtIF3 play crucial roles. mtIF2 prevents tRNA binding to the ribosomal A site
through a specific structural domain, while mtlF3 is speculated to coordinate the initiation process by ensuring that mRNA first binds to mtSSU. In the
elongation phase, mtEFTu facilitates the delivery of aminoacylated tRNA to the ribosome by hydrolyzing GTP. After delivery, mtEFTu replenishes GTP and
binds to the next aminoacylated tRNA under the influence of mtEFTs. During elongation, mtEFG1 catalyzes mRNA—tRNA translocation by hydrolyzing
GTP Furthermore, mtEF4 enables reverse mMRNA-tRNA translocation by hydrolyzing GTP, which allows for error correction during protein synthesis. When
translation errors occur, C120RF65 and MTREST work in concert to rescue stalled ribosomes by releasing nascent chains and tRNAs. ICT1 is likely involved
in the process of releasing the nascent peptide chain. The termination of the translation process is dominated by mtRF1a, which reads the stop codon
and possesses peptidyl tRNA hydrolase (PTH) activity. Following the release of the nascent peptide chain, the mitochondrial ribosome recycling factors
mtRRF2 and mtEFG2 collaborate to dissociate ribosomal subunits for subsequent translation. Under stress conditions, GTPBP6 provides an additional
pathway for ribosomal subunit dissociation

back-transport of posttranslocational ribosomes [54]. It  Termination

can recognize defective ribosomes involved in the trans-
location process and induce their reverse translocation
toward the 5" end of the mRNA, which is known as back-
ward translocation. This action provides a second oppor-
tunity to facilitate proper tRNA translocation. It is worth
noting that the expression of mtEF4 is increased in vari-
ous tumor cells, and further research indicates that the
overexpression of mtEF4 may promote tumorigenesis by
facilitating the formation of respiratory chain complexes
[55]. This suggests that mtEF4 has the potential to serve
as a therapeutic target for cancer treatment.

When the ribosome reaches the end of an open reading
frame, translation is terminated by the binding of the
ribosome release factor to the stop codon. This bind-
ing triggers the hydrolysis of the ester bond between
the tRNA at the P site and the nascent peptide chain. In
cytoplasmic systems, stop codons typically include UAA,
UAG, and UGA. Among them, UAA and UAG are still
conserved and used in mitochondria. However, in mito-
chondrial translation, the stop codons exhibit notable
differences from those in cytoplasmic translation. For
example, in human mitochondria, UGA encodes tryp-
tophan instead of a stop codon [56]. Additionally, two
mitochondrial mRNAs encoding CO1 and ND6 include



Liu et al. Journal of Hematology & Oncology (2024) 17:95

the stop codons AGA and AGG, respectively, which nor-
mally encode arginine in the cytoplasm [57].

Four translation termination factors have been identi-
fied and characterized in mitochondria: mtRF1, mtRF1a,
ICT1, and C120RF65. mtRF1a recognizes UAG and UAA
stop codons while also possessing peptidyl-tRNA hydro-
lase (PTH) activity, which is thought to carry the most
tasks of termination [58, 59]. In particular, the translation
termination of CO1 and ND6 is accomplished by mtRF1
[60]. As a component of the LSU [12], ICT1 lacks PTH
activity when it is integrated into ribosomes. However,
when it exists as a soluble form outside the ribosome,
ICT1 can exhibit PTH activity to release the nascent pep-
tide and rescue stalled ribosomes [61]. Moreover, ICT1
also participates in atypical stop codon (AGG and AGA)
termination [61]. It is also found that ICT1 is related to
various hematological malignancies. Its deletion leads to
cell cycle arrest and apoptosis in leukemia cells, while its
overexpression promotes the proliferation of diffuse large
B-cell lymphoma (DLBCL) [62, 63]. C120RF65 plays a
role in rescuing stalled ribosomes within mitochondria,
working in cooperation with the RNA-binding protein
(RBP) MTRESI to release the nascent peptide chain and
tRNA from stalled ribosomes [64, 65].

Table 2 Differences between cytoplasmic and mitochondrial
translation

Cytoplasmic
Translation

Mitochondrial
Translation

Product

Ribosome Composition

Multiple proteins
operate in both the
mitochondria and
other compartments
80S, consistsof a60 S
LSU,a40 S SSU and 4
rRNAs

13 components
of the electron
transport chain
(ETQ)

55, consists
ofa39S5LsSy, a
28SSSUand 3
rRNAs

rRNA Modification More than 200 are Only 10 are
known known
Translation Initiation elF1, elF1A elF2, elF2B, mtlF2, mtIF3
Factors Factors elF3, elF4A, elF4B,
elF4E, elF4F, elF4G,
elF4H, Eif5, elF5B,
Elongation eEF1A, eEF2, elF5A, mtEFTu, mtEFTs,
Factors eEF3 MtEFG1, mtEF4
Termination eRF1, eRF3 mtRFla, mtRF1,
ICT1, C120RF65
Recycling ABCET, elF2D mMtRRF2,
mtEFG2, GTPBP6
Initiation tRNA Met-tRNAMet fMet-tRNAMet

MRNA Lower than mito- All lack a 5'UTR,
chondrial mRNAs in and most lack a
yield, abundance, and  3'UTR
degradation rate

Stop Codons UAA, UAG, UGA UAA, UAG, AGA,

AGG
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Ribosome recycling

After the nascent peptide chain is released from the
mitochondrial ribosome, the ribosomal subunit under-
goes splitting for subsequent translation. This splitting is
achieved through the synergistic action of the mitochon-
drial ribosomal recycling factors mtRRF and mtEFG2
[66]. Once the nascent chain is released, mtRRF binds to
the vacant A site of the ribosome and recruits mtEFG2
[67]. However, the mechanism by which mtEFG2 sepa-
rates ribosomal subunits is not fully understood. GTP-
binding protein 6 (GTPBP6) can also facilitate ribosomal
subunit splitting, particularly under stress conditions [68,
69]. Furthermore, mtIF3 has been suggested to actively
split ribosomal subunits [70].

In summary, notable differences in mitochondrial
translation have been observed compared with trans-
lation in the cytoplasm. The detailed content has been
discussed earlier and summarized in Table 2. (1) First,
mitochondrial ribosomes exhibit lower sedimentation
rates and simplified protein compositions than cytoplas-
mic ribosomes. (2) Mitochondria rely on a simplified set
of translation factors to perform the translation process.
According to recent studies, 8—10 translation factors are
sufficient to drive mitochondrial translation, whereas
cytoplasmic ribosomes require at least 25 translation
factors, some of which are complex multiprotein assem-
blies [71]. (3) In addition, differences have been identi-
fied between mitochondria and the cytoplasm in terms of
details such as the initiation of tRNAs and stop codons,
which have been described previously. In addition, many
MRPs and other components of the mitochondrial trans-
lation system have been found to play a role in both nor-
mal and malignant hematopoiesis. We have presented
these components and their specific functions in Table 3.

Regulatory mechanisms and functions of
mitochondrial translation

Mitochondrial translation, a crucial biosynthetic process,
plays diverse roles within cells. In existing researches,
mitochondrial translation is regulated by a series of
upstream regulators and exerts downstream effects on
the regulation of cytoplasmic translation and cellular
metabolism. Additionally, mitochondrial translation
interacts with cytoplasmic translation through various
stress responses. In this section, we discuss the specific
upstream and downstream functions of mitochondrial
translation.

Upstream regulators of mitochondrial translation

Multiple upstream factors regulate mitochondrial trans-
lation. The abundances of functional mRNAs, which
are essential substrates for translation, significantly
impact mitochondrial translation. Furthermore, nuclear-
encoded protein factors also play a regulatory role in
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Table 3 Components of mitochondrial translation system associated with hematopoiesis
Classification Component  Impact Reference
Mitochondrial ri- ~ MRPL3 Promotes macrophage polarization to M2 subtype [21]
bosomal proteins  MRPL13 Promotes macrophage polarization to M2 subtype [21]
MRPL15 Loss affects survival of Burkitt lymphoma 18]
MRPL21 Expression increases in first relapse of AML (7]
MRPL22 Forms fusion gene with LARP1, recurrently expressed in B-NHL 5]
MRPL33 Associated with receptor tyrosine kinase expression in AML, with prognostic value [19]
MRPL38 Indicator for oncogenic pathways and prognostic marker in pre-T LBL [16]
MRPL47 Promotes macrophage polarization to M2 subtype [21]
CRIF1 Its deficiency promotes the generation of inflammatory non-suppressive regulatory T cells via [25]
increased glutaminolysis
CRIF1-deficient B cells show increased IL-17 and IL-6 production and promote the development of [26]
follicular helper T cells
CRIF1-deficient CD4 +T cells exhibit increased IL-17 production and reduced regulatory T cell [24]
differentiation
Interacts with CDK2 to induce cell cycle arrest in AML cells [22]
Binds to and is inhibited by Lck, promoting human leukemia T-cell survival 23]
Its loss induces macrophage M1 polarization [271
MRPS31 Potential marker for good prognosis in MM [20]
MRPS37 Expression increases in first relapse of AML N7
Assembly factors  Clgbp Promotes differentiation of effector CD8+T cells through epigenetic pathways [29]
of mitochondrial ~ NSUN4 NSUN4 variants increase the risk of pediatric ALL, potential biomarker [30]
ribosome
Mitochondrial mtlF3 Loss leads to increased megakaryocyte polyploidy and elevated circulating reticulated platelets and  [46]
translation factors thrombocytopenia
ICT1 Its deficiency promotes leukemia cell proliferation, S-phase arrest, and apoptosis [62]
Promotes DLBCL proliferation, potential marker for poor prognosis in DLBCL [63]
Mitochondrial FASTK Its deletion decreases leukemia cell activity and diminishes leukemogenic potential [83]
mRNADbinding  FASTKD1 Indicator of poor prognosis in ALL [86]
proteins FASTKD1 RNA-binding protein biomarker of B cells for MM prognosis [85]
FASTKD5 Binds to NLRX1 to promote mitochondrial respiratory complex component expression in CD4+T [871
cells
GRSF1 Involved in erythrocyte differentiation and proliferation [89]

AML: Acute Myeloid Leukemia; ALL: Acute Lymphoblastic Leukemia; B-NHL: B-cell Non-Hodgkin Lymphoma; DLBCL: Diffuse Large B-cell Lymphoma; pre-T LBL:
Precursor T-cell Lymphoblastic Lymphoma; MM: Multiple Myeloma; RBP: RNA-binding Protein; IL: Interleukin; CDK: Cyclin-dependent Kinase; Lck: Lymphocyte-

specific Protein Tyrosine Kinase; NLRX1: NLR Family Member X1

mitochondrial translation. These factors ensure the seam-
less assembly of oxidative phosphorylation (OXPHOS)
subunits by matching the mitochondria-encoded
OXPHOS components with their nuclear-encoded coun-
terparts. The precise functions of these upstream regula-
tors will be elucidated in subsequent sections. Notably,
some microRNAs (miRNAs) also regulate mitochon-
drial OXPHOS gene expression. For example, miR-1,
miR-499-5p, and miR-101 have been shown to increase
the synthesis of various mitochondria-encoded proteins,
including CYTB, COX3, ATP8, ND4L, and ND1 [72].

The mRNA supplies regulate mitochondrial translation

Mitochondrial mRNA is encoded within polycistronic
precursors transcribed from mtDNA. By cleaving tRNAs
dispersed between mRNAs and rRNAs in precursors, 11
types of functional mRNAs are released [73, 74]. Theo-
retically, all mitochondrial mRNAs originate from the

same precursor, and the quantities of different mRNAs
should be roughly the same. However, the abundances of
different mRNAs are disparate [75, 76]. The differences in
mitochondrial mRNA abundances are attributed to the
degradation function of the degradosome (also known
as mtEXO) [77, 78]. The mitochondrial degradosome
interacts with different RBPs to regulate the abundances
of the corresponding mRNA types. These RBPs include
the leucine-rich PPR motif-containing protein—SRA stem
loop-interacting RNA-binding protein (LRPPRC-SLIRP)
complex, members of the metazoan-specific Fas-acti-
vated serine/threonine kinase (FASTK) family of RBPs
and G-rich sequence factor 1 (GRSF1). All of these genes
are encoded by nuclear DNA.

The LRPPRC-SLIRP complex is an mRNA-binding
protein complex that binds to mRNA coding sequences
to prevent the formation of RNA secondary struc-
tures [79]. Research has demonstrated that this complex
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inhibits mRNA degradation by the degradosome, thereby
increasing mRNA stability [77, 80]. The FASTK protein
family, comprising six members (FASTK and FASTKD1-
FASTKDS5), binds to different mitochondrial mRNAs
and influences the expression of corresponding proteins
[81]. Moreover, this family influences the hematopoietic
system. FASTK expression protects ND6 mRNA from
degradation by the degradosome [82], while its knockout
decreases leukemia cell activity and diminishes leukemo-
genic potential [83]. FASTKD1 expression reduces ND3
mRNA stability [84] and is considered a prognostic factor
for multiple myeloma (MM) and ALL [85, 86]. Moreover,
FASTKD5 can promote the expression of respiratory
chain complexes in CD4* T cells by interacting with
NLRX1 [87]. Another RBP that impacts mitochondrial
mRNA degradation is GRSF1. Knockdown of GRSF1
expression leads to decreased abundances of most mito-
chondrial mRNAs and a widespread impairment of
translation [88]. Additionally, GRSF1 is linked to erythro-
cyte differentiation and proliferation, with its inhibition
suppressing erythrocyte proliferation [89].

Factors that coordinate OXPHOS-related gene expression to
regulate mitochondrial translation

In OXPHOS complex assembly, nuclear-encoded sub-
units are imported into the mitochondria and assem-
bled with their corresponding mitochondria-encoded
counterparts. In human mitochondria, an excess import
of nuclear-encoded subunits seems to occur, suggest-
ing that mitochondrial translation is a rate-limiting step
in OXPHOS complex assembly [90]. Compared with
nuclear mRNAs, mt-mRNAs are 1,100-fold greater in
yield, have a 7-fold faster degradation rate, and are 160-
fold greater in abundance [91]. Although mitochondrial
mRNAs have faster degradation rates, they are not suf-
ficient to maintain homeostasis between the mitochon-
drial and nuclear transcriptomes. A slow mitochondrial
translation rate is thought to be the main reason for the
balance of OXPHOS synthesis. According to previous
studies, the mitochondrial translation rate needs to be
more than 100 times slower than the cytoplasmic transla-
tion rate [91]. Therefore, matching mitochondrial trans-
lation with cytoplasmic translation is crucial. Multiple
factors contribute to the coordination of mitochondrial
and nuclear OXPHOS-related gene expression (Table 1).
The mechanisms of action of these potential coordinating
factors are listed below.

In yeast, the translation of each mitochondrial tran-
script is regulated by specific nuclear-encoded translation
regulators, which are also called translation regulators
[92]. These translation regulators, along with cytoplasmic
translation products, are simultaneously imported into
mitochondria. They monitor the efficiency of OXPHOS
complex assembly and use this information to regulate
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the translation efficiency of mitochondrial ribosomes,
ensuring that the synthesis of mitochondria adapts to
cytoplasmic translation [92]. For example, the translation
of cytochrome oxidase subunits in yeast is regulated by a
series of translation regulators, including Pet309, Mss51,
and Petlll [92]. Currently, the only known human
translation regulator is TACO1 (a translation activator
of CO1), which binds to mitochondrial ribosomes and
interacts with multiple sites in the CO1 mRNA. Muta-
tions in TACOL1 lead to specific CO1 synthesis defects
and late-onset Leigh syndrome [93, 94].

Although mitochondria lack translational regulators,
they achieve the coordination of mitochondrial and cyto-
plasmic translation through a series of assembly factors
[95, 96]. These assembly factors directly modulate mito-
chonderial translation efficiency by sensing the availability
of nuclear-encoded OXPHOS subunits [95-98]. Several
assembly factors have been identified in mammalian
mitochondria. In humans, the assembly of CO1 requires
the early mitochondrial OXPHOS system assembly fac-
tors C120RF62 (also known as cytochrome c oxidase
assembly protein COX14) and MITRACI12 (mitochon-
drial translation regulation assembly intermediate of
cytochrome c oxidase 12; also known as cytochrome
¢ oxidase assembly factor 3 homolog). C120RF62, an
upstream factor of MITRAC, binds to the nascent CO1
peptide chain and recruits MITRACI12 for assembly in
the presence of the nuclear-encoded complex IV CO4
subunit. The translation of CO1 is blocked when the CO4
subunit is not expressed [95]. When CO4 is available,
CO1 translation then resumes.

Functions of mitochondrial translation

Recent research has shown that mitochondrial transla-
tion is essential for maintaining cellular hemostasis. A
disruption of mitochondrial translation usually leads to
cellular dysfunction. Mitochondrial translation affects
cellular function through two major downstream effects:
cytoplasmic translation and cellular metabolism. Here,
we discuss these potential downstream effects in detail
(Fig. 2).

Mitochondrial translation efficiency controls cytoplasmic
protein homeostasis

Cellular proteostasis is maintained via coordinated
protein synthesis in the cytoplasm and mitochondria.
Abnormal mitochondrial translation can disrupt cyto-
plasmic protein homeostasis and induce cellular dysfunc-
tion. In general, a disruption of mitochondrial translation
can result in a global decrease in cytoplasmic translation
[99-101]. Cytoplasmic translation inhibition may trigger
cellular dysfunction through multiple pathways. First, in
many cells, robust protein synthesis is essential for pro-
liferation and differentiation. For example, increased
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Fig. 2 Physiological consequences of the inhibition of mitochondrial translation

Mitochondrial translation can directly initiate the mitochondrial stress response, which in turn leads to the significant inhibition of cytoplasmic transla-
tion, thereby affecting cell function through signaling pathways such as the ISR (integrated stress response) and mTOR (mechanistic target of rapamycin).
A key feature of mitochondrial translation inhibition is the impairment of OXPHOS function. Studies have shown that the inhibition of OXPHOS can result
in an insufficient energy supply for multiple cell types, thereby inhibiting their proliferation and growth. An impairment of OXPHOS also induces changes
in the abundances of metabolites, including acetyl coenzyme A. Many of these metabolites are involved in regulating epigenetic features. Alterations in
their abundances can lead to epigenetic modifications dominated by histone acetylation and DNA methylation, potentially influencing cell differentia-
tion and function. Furthermore, research has revealed that metabolic enzymes with RNA-binding capabilities, also known as “moonlighting” phenomena,

may affect the expression of T-cell-associated effectors. These secondary effects of metabolic enzymes are likely linked to aberrant OXPHOS function

protein synthesis is required to accomplish proteomic
reprogramming during T-cell activation [102]. Cytoplas-
mic translation inhibition caused by impaired mitochon-
drial translation may result in an inadequate supply of
proteins, leading to disorders in proliferation and differ-
entiation processes. Additionally, the effector functions
of many cells rely on protein synthesis. For example, the
cytotoxic function of CD8™ T cells largely depends on the
synthesis of effector factors such as TNF-a and IEN-y.
Cytoplasmic translation inhibition induced by mitochon-
drial translation disorders may affect cellular functions
by suppressing the synthesis of these effector factors [5—
7,103].

Mitochondrial translation modulates metabolic fitness
Given that the products of mitochondrial transla-
tion constitute the electron transport chain (ETC), we

hypothesize that the effects of mitochondrial translation
on cellular function are likely achieved by influencing cel-
lular metabolism.

Mitochondrial translation is essential for normal
OXPHOS function. Inhibition of mitochondrial transla-
tion typically impairs OXPHOS, leading to an insufficient
energy supply [5-7]. This change can lead to cellular dys-
function in terms of proliferation and growth, especially
in cells that prefer OXPHOS metabolism, such as leuke-
mia stem cells, OXPHOS-dependent diffuse large B-cell
lymphoma, glioblastoma stem cells (GSCs), breast can-
cer cells, and hepatocellular carcinoma (HCC) cells [8,
104-106].

The inhibition of mitochondrial translation can result
in cellular epigenetic changes, which are mediated by
an imbalance in cellular metabolite levels. For example,
researchers have induced mitochondrial translation
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disorders in CD8* T cells by knocking out the expres-
sion of Clqgbp, resulting in a decreased abundance of
the metabolic product acetyl-coenzyme A and increased
abundances of fumaric acid and 2-hydroxyglutarate [29].
These changes in metabolite abundance influence cellu-
lar epigenetic and transcriptional programs, leading to
differentiation disorders in effector T cells [29]. Addi-
tionally, in HSCs, abnormal abundances of metabolites
induced by abnormal mitochondrial gene expression can
similarly affect HSC erythroid differentiation through
cellular epigenetic pathways [107].

Numerous metabolic enzymes can translocate into
the cytoplasm, where they function as RBPs for specific
mRNAs, thereby modulating their expression [108]. This
phenomenon is known as “moonlighting” and may also
be one of the downstream pathways of a disruption in
mitochondrial translation. Altered expression levels of
metabolic enzymes that act as RBPs were observed in
CD8" T cells with inhibited mitochondrial translation,
which supports this hypothesis [5]. Many metabolic
enzymes can “moonlight” as RBPs to regulate cellular
translation [108]. Some “moonlighting” RBPs can regu-
late the expression of specific cytokines, such as gran-
zyme B, TNF-a, and IFN-y [109-111]. For example,
GAPDH can bind to the 5 UTR of the IFN-y mRNA and
inhibit its translation in OXPHOS-dependent T cells
[110].

Reactive oxygen species (ROS), metabolic byprod-
ucts that play diverse roles in cells [112-115], primarily
depend on the ETC. Thus, a disruption of mitochondrial
translation triggers a reduction in ROS levels, which may
lead to cellular dysfunction. For example, in CD8* T cells
in which mitochondrial translation is inhibited, reduced
synthesis of effector factors such as IL-2, IFN-y, and
TNF-« is observed [116].

Dysfunction of mitochondrial translation induces
mitochondrial transfer

Recent studies have revealed a process known as mito-
chondrial transfer, in which cells can transport their
mitochondria to other recipient cells through various
mechanisms, including cell connections and vesicles
[117]. Mitochondrial transfer primarily affects the meta-
bolic characteristics of recipient cells, typically resulting
in an increase in the mitochondrial content and elevated
mitochondrial metabolic levels [117]. Upon acute stress,
cells tend to rapidly increase their mitochondrial quan-
tity by receiving external mitochondria to meet the meta-
bolic demands, followed by an increase in mitochondrial
translation levels to promote endogenous mitochondrial
biogenesis [118]. Furthermore, impaired mitochon-
drial translation is often accompanied by the produc-
tion of ROS and other superoxides, which are believed
to be key factors in initiating the acceptance of external

Page 9 of 26

mitochondria by recipient cells [118, 119]. Therefore, we
hypothesize that mitochondrial transfer may serve as a
compensatory mechanism for impaired mitochondrial
translation. When mitochondrial translation is impaired,
the superoxides produced may trigger the formation of
intercellular connection channels, allowing recipient
cells to accept external mitochondria to quickly increase
their metabolic capacity, thereby compensating for the
metabolic dysfunction caused by impaired mitochondrial
translation. However, currently, research directly explor-
ing the relationship between mitochondrial transfer and
translation is lacking, and we hope that future studies will
better elucidate this relationship.

In this section, we summarize the downstream effects
of mitochondrial translation. First, a mitochondrial
translation impairment can initiate a decrease in global
cellular translation levels, which hinders normal prolif-
eration and differentiation. The inhibition of cytoplasmic
translation also disrupts cellular function by decreas-
ing the expression of specific effector factors. The inhi-
bition of mitochondrial translation leads to a metabolic
disruption characterized by impaired OXPHOS. Dys-
regulated mitochondrial metabolism can also affect cell
functions through downstream pathways, including the
metabolic-epigenetic axis, RBPs, and ROS. Mitochon-
drial transfer may compensate for impaired translation.
However, current research on the downstream effects of
mitochondrial translation is limited. What mechanisms
underlie the impacts of mitochondrial translation disor-
ders on these pathways? Are known or unknown signal-
ing cascade pathways involved in these processes? Does
mitochondrial translation also influence other cellular
functions? These questions remain unanswered. Notably,
the relationship between mitochondrial and cytoplasmic
translation has been extensively studied in the past, as
discussed in the next section.

The Mitochondria-induced stress response links
mitochondrial and cytoplasmic translation

Despite diverse upstream and downstream regulatory
mechanisms, mitochondrial translation also has compli-
cated interactions with cytoplasmic translation. Impedi-
ments to mitochondrial translation can affect the level of
cytoplasmic translation through various signaling path-
ways represented by the stress response. Since numer-
ous mitochondrial proteins are encoded in the nucleus
and are then translated in the cytoplasm, disruptions in
cytoplasmic translation levels can affect mitochondrial
translation by altering mitochondrial protein expression,
thereby alleviating stress and coordinating cytoplasmic
and mitochondrial translation. The stress response plays
a central role in coordinating mitochondrial and cyto-
plasmic translation.
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The stress response represents a crucial class of signal-
ing pathways that helps cells adapt to stressful environ-
ments and maintain homeostasis. It triggers widespread
inhibition of cellular protein synthesis and the selec-
tive expression of specific stress genes. In the context of
mitochondrial dysfunction, two stress responses have
been identified: the integrated stress response (ISR) and
the mitochondrial unfolded protein response (mtUPR).
Additionally, the mammalian target of rapamycin protein
complex 1 (mTORC]1) plays a significant role in regulat-
ing mitochondrial translation and cytoplasmic transla-
tion under physiological or stress conditions.

Integrated Stress Response (ISR)

The ISR is a broad stress response that can be activated
by various stress conditions, including mitochondrial
dysfunction. The phosphorylation of eukaryotic transla-
tion initiation factor 2 subunit alpha (elF2a) is a key step
in the ISR [120]. Multiple eIlF2a kinases have been impli-
cated in the mitochondrial stress-induced ISR. Heme-
regulated inhibitor (HRI), an elF2a kinase, is activated by
death ligand signal enhancer (DELE) released from mito-
chondria under mitochondrial stress, thereby triggering
the ISR and impairing cytoplasmic translation [121, 122].
Moreover, the mitochondrial translation inhibitor doxy-
cycline was found to induce the ISR through the elF2a
kinase GCN2 [123].

Phosphorylation of elF2a leads to the widespread
downregulation of cytoplasmic protein synthesis and
preferential translation of specific mRNAs containing
upstream open reading frames in the 5 UTR, includ-
ing the transcription factor ATF4 [124]. ATF4, a stress-
responsive transcription factor, plays roles in various
cellular processes, such as the antioxidant response, cell
apoptosis, energy homeostasis, and autophagy [125].
When stress cannot be relieved, ATF4 regulates the cel-
lular apoptosis program to eliminate damaged cells [125].
In the context of mitochondrial stress-induced ISR, the
ATF4 pathway is activated to promote processes such as
serine biosynthesis, lipid synthesis, and other metabolic
processes to maintain cellular function [99]. In addition,
a previous study showed that the inhibition of mitochon-
drial translation can coordinate with cytoplasmic transla-
tion by activating ATF4 [100].

Mitochondrial unfolded protein response (mtUPR)

Mitochondria have a relatively independent protein qual-
ity control system that maintains the folding and integrity
of mitochondria-synthesized and imported proteins. The
accumulation of misfolded proteins in the mitochondrial
matrix or an imbalance in the import of nuclear-encoded
proteins triggers the mitochondrial unfolded protein
response (mtUPR), a proteostasis control system acti-
vated by various mitochondrial perturbations, such as
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inhibited mitochondrial translation, the deletion of ribo-
somal components, or the inhibition of aspartate-tRNA
synthetase or LON protease [126—130].

Upon activation, the mtUPR restores mitochondrial
function through various mechanisms, such as inducing
the expression of nuclear-encoded mitochondrial chap-
erone proteins and proteases, including Hsp60 (HSPD1),
Hspl0 (HSPE1), mtDNA]J, mtHsp70 (HspA9), LONP1,
and CLPP [127]; restricting the expression of nuclear-
encoded metabolic enzymes and OXPHOS subunits
[127]; and reducing the efficiency of nuclear-encoded
mitochondrial protein import [131]. In addition, the
mtUPR downregulates the expression of and degrades
the RNase P subunit MRPP3 that lead to abnormalities at
the 3’ ends of mitochondrial mRNAs, thereby triggering a
reduction in mitochondprial translation [127].

In C. elegans, several transcription factors associated
with mtUPR activation have been identified. Activating
transcription factor associated with stress-1 (ATFS-1) is
a crucial transcription factor for mtUPR activation in C.
elegans [132]. ATFS-1 possesses both a nuclear localiza-
tion sequence (NLS) and a mitochondrial localization
sequence (MLS). Under normal mitochondrial condi-
tions, the MLS is dominant, and ATFS-1 is imported into
mitochondria and degraded by the matrix-localized LON
protease. However, when mitochondria are damaged, the
NLS directs ATFS-1 to the nucleus to activate the mtUPR
[133]. In mammals, the functional ATFS-1 homolog,
ATF-5, possesses similar functions [134]. In addition to
ATF-5, two other transcription factors, ATF-4 and C/
EBP homologous protein (CHOP), are involved in the
activation of the mammalian mtUPR. The exact interplay
between these three transcription factors is not yet clear.
Notably, CHOP, ATF-4, and ATF-5 are also associated
with the ISR, and their expression is dependent on elF2«a
phosphorylation [135, 136]. Although the mtUPR is asso-
ciated with the ISR, the activation of the ISR does not
always involve the mtUPR, as the induction of the expres-
sion of mitochondrial chaperone proteins and proteases
is not consistently observed during mitochondrial stress
[99, 121-123].

mTORC1 as a stress sensor

mTORC]1 is a protein complex that regulates eukary-
otic cell growth in response to progrowth signals such
as nutrients, oxygen, and hormones to maintain normal
growth and organismal homeostasis [137]. mTORC1
plays an important role in regulating translation. Upon
receiving progrowth signals, mMTORC1 promotes protein
synthesis primarily through the phosphorylation of two
key effectors: p70s6 protein kinase 1 (S6K1) and elF4E-
binding protein (4EBP) [137]. The phosphorylation of
S6K1 activates elF4B, a positive regulator of the elF4F
complex, and promotes the degradation of PDCD4, an
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inhibitor of eIF4B, to facilitate translation initiation [138,
139]. S6K1 also enhances translation efficiency by bind-
ing to SKAR, a component of the binding region com-
plex [140]. 4EBP inhibits translation initiation by binding
to eIF4E, and mTORC1 phosphorylates 4EBP to release
it from elF4E, enabling cap-dependent translation ini-
tiation [141, 142]. mTORCI1 also plays a crucial role as a
stress sensor. Under conditions of mitochondrial stress,
the mTORCI1 signaling pathway is inhibited. This inhibi-
tion includes a reduction in the level of S6K phosphor-
ylation, which may lead to a decrease in cytoplasmic
translation [143].

mTORC1 regulates mitochondrial function by mod-
ulating cytoplasmic translation under physiological
conditions or in response to mitochondrial DNA dam-
age [144-147]. Upon 4EBP phosphorylation, mTORC1
promotes the translation of nuclear-encoded mRNAs
encoding proteins involved in the OXPHOS complex,
OXPHOS assembly factors, and TFAM (mitochondrial
transcription factor A) [145-148]. TFAM, a DNA-bind-
ing high mobility group box protein, facilitates the pack-
aging of the mitochondrial genome into nucleoids and is
critical for the separation and initiation of mitochondrial
DNA transcription [73, 149]. It is indispensable for both
mitochondrial DNA replication and transcription pro-
cesses. Recent research has shown that the absence of
TFAM inhibits mitochondrial translation, an effect not
seemingly linked to impaired mitochondrial transcrip-
tion [150]. This conclusion is supported by observations
that treatment with mitochondrial translation inhibitors
does not exacerbate suppression, suggesting that TFAM
deficiency leads to mitochondrial translation defects.

ATF4 is involved in both the ISR and the mtUPR. Nota-
bly, the anabolic response mediated by mTORC1 partly
depends on the stress-responsive transcription factor
ATF4 [100, 144, 146—148]. However, mTORCI1 activates
ATF4 independently of elF2a phosphorylation; thus,
the mTORC1-mediated ATF4 transcriptional program
activates only a subset of genes activated by the ISR.
These genes promote cytoplasmic tRNA aminoacyla-
tion, amino acid biosynthesis and uptake, de novo purine
synthesis, one-carbon metabolism, and an increase in
the abundance of the antioxidant glutathione, potentially
counteracting oxidative stress resulting from increased
respiratory activity [146—148].

In summary, cells maintain proteostasis between the
cytoplasm and mitochondria through a series of signaling
pathways, as described above. Under conditions of mito-
chondrial stress, both cytoplasmic and mitochondrial
translation are globally suppressed to reduce the pro-
tein load (Fig. 3). Specific transcription factors are selec-
tively expressed to induce the synthesis of mitochondrial
chaperone proteins and proteases, which help eliminate
misfolded proteins and restore mitochondrial function.
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However, several questions regarding these processes
remain unanswered, such as the relationships among the
mtUPR, ISR, and other mitochondrial stress responses,
as well as the precise pathways, functions, and interrela-
tionships of the associated transcription factors. Further
research is needed to elucidate these mechanisms and
improve our understanding of how cells adapt to mito-
chondrial dysfunction and maintain protein homeostasis.

Mitochondrial translation regulates normal
hematopoiesis

The process of hematopoiesis, occurring primarily within
the bone marrow, involves the differentiation of hema-
topoietic stem cells (HSCs) into diverse lineages. The
differentiation of HSCs is a stepwise process from mul-
tipotent progenitor cells, which have the potential to
produce multiple lineages, to oligopotent progenitor
cells, which are restricted to certain lineages, and then to
unipotent progenitor cells, which produce only a single
lineage, culminating in mature blood cells. Researchers
have depicted the hematopoietic hierarchy as a tree-like
branching roadmap (Fig. 4). In the classical model of
hematopoiesis, HSCs first differentiate into multipotent
progenitor cells (MPPs). The downstream developmen-
tal pathways of MPPs are further classified into common
lymphoid progenitors (CLPs), which have lymphoid-
restricted differentiation potential, and common myeloid
progenitors (CMPs), which can differentiate into mega-
karyocyte/erythroid progenitors (MEPs) and granulo-
cyte/macrophage progenitors (GMPs) [151]. Studies
regarding the role of mitochondrial translation in normal
hematopoiesis have emerged in recent years. In this sec-
tion, we provide a detailed overview of the roles of mito-
chonderial translation in HSCs and different cell lineages.

Hematopoietic stem cells (HSCs)

HSCs exhibit two basic features: the ability to self-
renew and the sustained generation of all blood cell lin-
eages, which are indispensable for maintaining normal
hematopoiesis. Recent investigations have revealed the
involvement of mitochondrial translation in HSC pro-
liferation and differentiation, especially in erythroid dif-
ferentiation. Upon erythropoietin (EPO) stimulation, the
expression of eukaryotic translation initiation factor 5 A
(eIF5A) in HSCs increases, which promotes the transla-
tion of diverse nuclear-encoded mitochondrial proteins.
The suppression of elF5A expression leads to decreases
in mitochondrial translation levels and OXPHOS lev-
els, thereby inhibiting erythroid differentiation [3].
Direct inhibition of mitochondrial translation in HSCs
by chloramphenicol yields a similar inhibitory effect on
erythroid differentiation [3]. In another study, mitochon-
drial translational repression triggered by decreased lev-
els of mitochondrial tRNA pseudouridylation similarly
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Mitochondrial translation is interconnected with cytoplasmic translation through a series of stress response pathways. Under mitochondrial stress, mito-
chondria release DELE, which binds to HRI, an elF2a kinase, leading to the phosphorylation of the translation initiation factor elF2a. Another elF2a kinase,
GCN2, is also speculated to be involved in this process. Phosphorylation of elF2a triggers widespread translational repression in the cytoplasm and the
selective translation of MRNAs containing upstream open reading frames (UORFs), including ATF4, ATF5, and CHOP. When misfolded proteins accumu-
late in the mitochondrial matrix, cells activate a homeostatic protein control system known as the mitochondrial unfolded protein response (mtUPR). In
mammals, ATF5 has been identified as a transcription factor that mediates the mtUPR. ATF5 possesses both a nuclear localization sequence (NLS) and a
mitochondrial targeting sequence (MLS). In the event of mitochondrial damage, ATF5 translocates to the nucleus and cooperates with ATF4, CHOP, and
other transcription factors to activate the mtUPR. The mtUPR induces the expression of HSPs, LONP1, CLPP, and other nuclear-encoded mitochondrial
chaperone proteins and proteases to restore mitochondrial function. It also directly reduces mitochondrial translation by downregulating and degrading
the RNase P subunit MRPP3. Furthermore, to alleviate mitochondrial stress, the translation and import of nuclear-encoded OXPHOS subunits and mito-
chondrial proteins are inhibited. Under physiological conditions, mTORC1 promotes cytoplasmic translation by activating S6K and preventing the binding

of 4EBP to elF4E. However, during mitochondrial stress, the induction of cytoplasmic translation is hindered

caused impaired mitochondrial metabolism and blocked
erythroid differentiation in HSCs [4]. Moreover, another
study revealed that a deficiency of TFAM, the core reg-
ulatory factor in mitochondrial genome transcription,
results in mitochondrial metabolic dysfunction, culmi-
nating in aberrant abundances of metabolites, including
B-hydroxybutyrate (BOHB). Through increased histone
acetylation, these metabolites contribute to compro-
mised erythroid gene expression and differentiation
[107]. Collectively, these findings suggest that aberrant
mitochondrial translation may disrupt HSC differentia-
tion via perturbations in mitochondrial metabolism and
epigenetic mechanisms.

As a downstream pathway of mitochondrial transla-
tional disorders, the mtUPR plays a unique role in HSC
self-renewal. A downstream branch pathway exists in
the mtUPR. This branch is mediated by the interaction
of SIRT7 and NRF1, and its activation triggers the inhi-
bition of mitochondrial translation and respiration [152].
Deactivation of SIRT7 triggers an increase in the folding
pressure of mitochondrial proteins, and the regenerative
capacity of HSCs is thus impaired [152]. Moreover, SIRT7
expression is reduced in aged HSCs, and the upregulation
of SIRT7 expression improves the regenerative capacity
of aged HSCs. These results suggest that the activation of
the mtUPR is closely linked to the aging and self-renewal
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Fig. 4 Mitochondrial translation in normal hematopoiesis

Hematopoiesis is the process by which hematopoietic stem cells (HSCs) differentiate into various types of mature blood cells. According to the classical
hematopoietic hierarchy model, HSCs first differentiate into multipotent progenitor cells (MPPs). MPPs can follow two differentiation pathways: One leads
to the lymphoid lineage, forming common lymphoid progenitors (CLPs), which further differentiate into mature blood cells, including T cells, B cells, and
NK cells. The second pathway leads to the myeloid lineage, forming common myeloid progenitors (CMPs). CMPs can differentiate into megakaryocyte/
erythroid progenitors (MEPs) and granulocyte/macrophage progenitors (GMPs). MEPs further differentiate into mature blood cells, such as macrophages,
platelets, and erythrocytes, whereas GMPs differentiate into neutrophils, basophils, eosinophils, and macrophages. Based on current research, we anno-
tated the cellular processes influenced by mitochondrial translation in different cells, as detailed in the main text. Importantly, certain blood cells, such as
NK cells and granulocytes, which have not been fully studied, are not depicted in this figure

capacity of HSCs. In addition, mtUPR activation is also
observed during the shift of HSCs from a resting state to
a proliferative state [153]. Taken together, these findings
indicate that the mtUPR may play an important role in
HSC maintenance. Dysregulation of mitochondrial trans-
lation, the main cause of mtUPR activation, may lead
to an impairment of the self-renewal capacity of HSCs.
However, studies related to the relationship between
mitochondrial translation and HSCs are still lacking, and
answers to related questions still require further research.

Lymphoid lineage

Common lymphoid progenitors (CLPs) can differenti-
ate into various mature blood cells, including T cells, B
cells, and natural killer (NK) cells. Currently, research on
mitochondrial translation in lymphoid cells has focused
mainly on T cells and B cells, whereas studies on NK cells
are limited.

T cells

In recent years, research interest in the role of mito-
chondrial translation in maintaining T-cell function
has increased. Knockout of USP30, a deubiquitinating

enzyme that prevents mitochondrial autophagy and per-
oxisomal autophagy, leads to significant decreases in the
mitochondrial quantity and OXPHOS levels in T cells,
as well as a marked attenuation of mitochondrial trans-
lation [5, 154]. Intriguingly, USP30-deficient T cells ini-
tially retain their killing function, but they cannot sustain
serial killing over time [5]. Researchers have attributed
this decline to impaired de novo synthesis of cytolytic
proteins. While the cells can initially perform their killing
functions with prestored cytolytic proteins, the inability
to synthesize these proteins de novo prevents the replen-
ishment of lytic granules, thus failing to maintain a sus-
tained cytotoxic function. Moreover, researchers have
used doxycycline or chloramphenicol to inhibit mito-
chondrial translation, which leads to a similar defect in
T-cell killing ability, suggesting the involvement of mito-
chondrial translation in the regulation of the sustained
killing ability of cytotoxic T lymphocytes (CTLs) [5].
Another study revealed that exposing CTLs to a tem-
perature of 39 °C improved mitochondrial quality and
antitumor function. This increase in CTL function
depended on the facilitation of mitochondrial transla-
tion [7]. Upon the use of tetracycline or the knockout
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of MRPL39 (mitochondrial ribosomal subunit 39) or
OXAI1L (mitochondrial ribosome-associated insertion
enzyme) expression, the opposite effect was observed
[7]. Similar conclusions have been drawn from studies
of CD4* T cells. Inhibition of mitochondrial translation
either by linezolid, an antibiotic that specifically targets
bacterial protein synthesis, or by knockout of the expres-
sion of the mitochondrial elongation factor GFM1 leads
to impaired production of effector cytokines in CD4™"
T cells and reduced autoimmunity in a mouse model of
multiple sclerosis [6].

Overall, multiple studies have indicated that impaired
mitochondrial translation leads to T-cell dysfunction.
However, the precise mechanisms underlying this phe-
nomenon have yet to be fully elucidated. Through a lit-
erature review, we identified several relevant clues.
Cytoplasmic translation inhibition and the metabolic
imbalance triggered by the inhibition of mitochondrial
translation may play roles in this process. The underlying
mechanisms may involve epigenetic changes caused by
abnormal abundances of metabolites, metabolic enzymes
moonlighting as RBPs, and decreased levels of ROS.
These aspects have been extensively discussed in the pre-
ceding sections.

B cells

Mitochondrial translation also contributes to the activa-
tion of normal B cells and their migration into the ger-
minal center (GC). In activated B cells and GC B cells,
the levels of mitochondrial transcription and translation
are significantly increased. During the process of B-cell
activation and entry into the GC, the expression levels
of TFAM are elevated, thereby regulating the motility
of B cells by increasing mitochondrial transcription and
translation levels and promoting their migration to the
GC [150]. Mitochondrial translation also influences the
occurrence of B-cell malignancies, which are discussed in
a later section.

Myeloid lineage

The differentiation of common myeloid progenitors
(CMPs) occurs in two directions: megakaryocyte/ery-
throid progenitors (MEPs) and granulocyte/macrophage
progenitors (GMPs). Megakaryocyte/erythroid progeni-
tors (MEPs) differentiate into megakaryocytes, which
produce platelets, and erythrocytes, whereas granulo-
cyte/macrophage progenitors (GMPs) differentiate into
mature blood cells, including neutrophils, basophils,
and eosinophils. Mitochondrial translation plays a cru-
cial role in megakaryocytes/platelets, erythrocytes, and
macrophages, as described in existing studies, which will
be discussed in detail below. However, research on mito-
chondrial translation in granulocytes remains limited.
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Macrophages

Macrophage function is regulated by mitochondrial
translation. 7-Ketocholesterol directly inhibits tumor
necrosis factor signaling in tumor-associated macro-
phages (TAMs) by inhibiting mitochondrial translation,
thereby inducing dysfunctional phagocytosis in TAMs
[155]. This study documented the existence of the mito-
chondrial translation/TNF signaling axis in macrophages.
In another study, the expression of the plasticity factor
ZEB1 was found to prompt macrophages to shift from an
inflammatory phenotype to an immunosuppressive state
by inhibiting mitochondrial translation [156]. This study
revealed a role for mitochondrial translation in regulating
macrophage function. In addition, mitochondrial transla-
tion is associated with macrophage polarization. Studies
have shown that metabolic reprogramming toward M2
polarization depends on the translation of the elongator
complex subunit Elp3 and the mitochondrial ribosomal
large subunit proteins MRPL3, MRPL13, and MRPL47
[21].

Erythrocytes

Erythrocytes are blood cells that carry oxygen through-
out the body. Mitochondria gradually disappear in eryth-
rocytes during differentiation to increase the efficiency
of oxygen transport. Nevertheless, mitochondrial trans-
lation still participates in erythroid differentiation, as
mentioned earlier. Moreover, mitochondrial translation
is associated with anemia pathogenesis.

Congenital sideroblastic anemias (CSAs), a class of
anemias characterized by the pathological deposition
of iron in the mitochondria of erythroid precursors,
can be induced by abnormal mitochondrial transla-
tion [157]. For example, Pearson marrow-pancreas syn-
drome (PMPS), a subtype of CSA characterized by bone
marrow and exocrine pancreatic dysfunction, is charac-
terized by the deletion of mitochondrial genome frag-
ments. The deletion results in the defective translation
of mitochondria-encoded proteins, thereby leading to
impaired erythropoiesis [158]. Abnormal mitochon-
drial translation is also associated with mitochondrial
myopathy with lactic acidosis and sideroblastic anemia
(MLASA), another subtype of CSA. MLASA is the result
of mutations in genes encoding either pseudouridine
synthase (PUS1) or mitochondrial tyrosyl-tRNA synthe-
tase (YARS2) [157]. Mutation of PUSI leads to the loss
of pseudouridine in mitochondrial tRNA, resulting in
abnormal mitochondrial translation and thereby inhibit-
ing erythropoiesis [4].

In addition to CSAs, mitochondrial translation also
participates in the pathological process of iron deficiency
anemia. In the presence of iron deficiency, one of the
elF2a kinases, HRI, is activated and restores mitochon-
drial function by inhibiting mitochondrial translation
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and activating ATF4, thereby promoting erythropoiesis
[159].

Megakaryocytes/Platelets

Platelets are small, anucleate cells produced by mega-
karyocytes that play crucial roles in blood coagula-
tion, wound healing, and inflammatory responses [160].
Recent studies indicate that mitochondrial translation is
essential for both the generation of the megakaryocyte
lineage and the maintenance of its normal functions.

Defects in mitochondrial translation hinder the pro-
duction of the megakaryocyte lineage. Researchers devel-
oped a mouse model with platelet-specific mitochondrial
translation defects by selectively knocking out the gene
encoding mitochondrial translation initiation factor 3
(mtIF3) in megakaryocytes. The findings revealed that
mitochondrial translation defects resulted in reduced
megakaryocyte production, leading to thrombocytopenia
and prolonged bleeding times [46]. Transcriptomic and
proteomic analyses revealed that megakaryocytes with
mitochondrial translation defects presented downregu-
lated expression of genes involved in platelet production,
megakaryocyte development, hemostasis, and coagu-
lation [46]. Additionally, mtIF3-deficient mice exhib-
ited decreased levels of cytoplasmic proteins released
by platelets (TLN1, WDR1, CAP1, and TUBA4A) [46].
These factors may collectively contribute to impaired
megakaryocyte lineage generation.

Furthermore, defects in mitochondrial translation can
impair platelet functionality. Platelets with mitochon-
drial translation defects exhibit compromised activation
processes and increased apoptosis [46] that are possi-
bly linked to metabolic dysfunction. As metabolically
active cells, platelets have a high ATP turnover rate, with
OXPHOS providing approximately 30—40% of their ATP
supply [161]. During platelet activation, the OXPHOS
rate must increase to meet the metabolic demands [162].
Conversely, the inhibition of mitochondrial respiration
reduces platelet activation [163, 164]. In this study, plate-
lets with mitochondrial translation defects presented
a diminished mitochondrial content [46], potentially
impairing platelet function by reducing the mitochon-
drial respiration capacity. However, the metabolic char-
acteristics of platelets with mitochondrial translation
defects remain poorly characterized, and a direct con-
nection between mitochondrial translation and meta-
bolic dysfunction has yet to be established.

Mitochondrial translation is a therapeutic target
for hematologic malignancy treatment

Hematologic malignancies are the main outcomes of
malignant hematopoiesis. Based on their origin, hemato-
logic malignancies can be divided into myeloid and lym-
phoid types. In preclinical studies of various hematologic
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malignancies, mitochondrial inhibition has surprisingly
produced selective toxicity toward malignant cells. How-
ever, its toxicity to normal hematopoietic cells is much
less effective, confirming a potential therapeutic window.
This selective effect is widely attributed to the increased
sensitivity of malignant cells to mitochondrial inhibi-
tors due to their reliance on mitochondrial metabolism
[8, 9, 165-167]. A strong dependence on metabolism is
a unique metabolic characteristic of certain hemato-
logic malignancies. The majority of cancer cells undergo
metabolic reprogramming known as the Warburg effect,
in which cancer cells exhibit high glucose consumption
and lactate production even under normoxic conditions,
accompanied by the upregulation of glycolysis and a
hypothesized decrease in OXPHOS levels in cancer cells.
However, OXPHOS is upregulated in certain hemato-
logical malignancies, overriding the traditional Warburg
effect; therefore, mitochondrial translational inhibition
may reduce tumor viability by affecting OXPHOS activ-
ity to disrupt metabolism. Therefore, the inhibition of
mitochondrial translation is considered a potential treat-
ment for hematologic malignancies, but its mechanism of
action and feasible therapeutic approaches remain to be
explored.

Myeloid malignancies

Acute myeloid leukemia (AML) is the most common
myeloid malignancy and is related to two cell popu-
lations: myeloblasts and leukemia stem cells (LSCs).
Myeloblasts proliferate rapidly and exhibit glycolysis-
dependent metabolic characteristics [168—170]. LSCs
proliferate slowly and are more dependent on oxidative
phosphorylation for energy. However, LSCs are thought
to be responsible for AML relapse as reservoirs for
myeloblasts [171, 172].

Based on this difference, targeting OXPHOS may be
an effective therapy for AML. The inhibition of mito-
chondrial translation is considered a viable approach. In
existing cases, the inhibition of mitochondrial translation
in AML cells through the application of tigecycline and
genetic depletion of the mitochondrial translation factor
EF-Tu can selectively kill LSCs, inhibit leukemia cell pro-
liferation, and induce apoptosis [8]. The proliferation and
function of normal hematopoietic cells are not affected,
which is attributed to the increased mitochondrial bio-
genesis rate of AML cells [8].

In addition, high OXPHOS levels have been impli-
cated in the development of drug resistance in AML
because AML cell populations resistant to cytarabine are
enriched in cells with an increased mitochondrial mass,
membrane potential, and OXPHOS. Therefore, inhibit-
ing OXPHOS can increase the sensitivity of AML cells to
cytarabine [173]. Furthermore, inhibiting mitochondrial
translation has been found to be an effective approach for
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overcoming AML resistance to venetoclax [174]. Vene-
toclax has been shown to inhibit mitochondrial complex
I and can hinder the glycolytic capacity of AML cells in
combination with mitochondrial translation inhibitors
by activating the ISR, leading to adenosine triphosphate
depletion and subsequent cell death [174].

In addition to AML, mitochondrial translation is also
considered a potential treatment target for other myeloid
malignancies. For example, in chronic myeloid leukemia
(CML), the use of the mitochondrial translation inhibi-
tor tigecycline combined with imatinib can specifically
eliminate CML cells. This selective toxicity is believed to
result from their dependence on mitochondrial metabo-
lism [165].

Lymphoid malignancies

Lymphoma is a malignancy of lymphocytes. Diffuse large
B-cell lymphoma (DLBCL), the most common form of
lymphoma, can be divided into two metabolic subtypes:
OXPHOS-DLBCL and B-cell receptor (BCR)-depen-
dent DLBCL [175, 176]. BCR-DLBCL relies on glyco-
lytic metabolism, whereas OXPHOS-DLBCL depends
more on mitochondrial metabolism to provide energy,
thus providing survival benefits beyond BCR signaling.
Mitochondrial proteomic and gene expression analyses
revealed that the expression of ETC components, par-
ticularly subunits of complexes I and IV, was upregulated
in the OXPHOS-DLBCL subgroup [177]. Studies have
shown that the mitochondrial translation pathway is nec-
essary for increased mitochondrial energy reserves and
ETC activity in OXPHOS-DLBCL cells [178]. Eradication
of OXPHOS-DLBCL cell lines and primary tumors can
be achieved by treatment with tigecycline or knockdown
of the expression of mitochondrial translation-related
proteins [178].

Myc is a hallmark oncogenic transcription factor that
induces the progression of Burkitt lymphoma and is
also an essential factor in AML development. Increased
Myc expression corresponds to increased mitochon-
drial function, oxygen consumption, and mitochondrial
mass. Studies have shown that inhibiting mitochondrial
translation through antibiotic treatment [9], inhibit-
ing human mitochondrial peptide deformylase (HsPDF)
[166], or knocking down TFAM expression [150] can
induce apoptosis in Myc-positive Burkitt lymphoma cells
and prolong the survival time of tumor-bearing mice.
The mechanisms may involve decreased activity of the
ETC [9] and activation of the mtUPR [166], which result
from impaired mitochondrial translation. Notably, some
normal B-cell functions are affected, such as mobility
and migration [150]. Furthermore, global upregulation
of OXPHOS has also been observed in classic Hodg-
kin’s lymphoma, accompanied by increased OXPHOS-
related gene expression, increased mitochondrial mass,
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increased ETC protein expression, an increased oxy-
gen consumption rate, and reduced lactate production
promoted by NF-kB [179]. The inhibition of mitochon-
drial translation may also have a killing effect, given the
enhanced OXPHOS.

The inhibition of mitochondrial translation has the
potential to eradicate other lymphoid malignancies. The
inhibition of mitochondrial translation by ICT1 knock-
down can block the growth of ALL cells in S and sub-
G1 phases and inhibit their proliferation [62]. Moreover,
tigecycline treatment can selectively inhibit mitochon-
drial respiration and induce apoptosis in ALL cells [167].
Increased OXPHOS is also observed in primary CLL
cells resistant to dasatinib, and this increase is mediated
by AKT [180]. This phenomenon may reveal the possibil-
ity of treating CLL through the inhibition of mitochon-
drial translation.

Mitochondrial translation is thought to contribute to
the pathogenesis of multiple myeloma (MM). Research
indicates that MM cells exhibit a greater mitochondrial
content and elevated expression of mitochondrial bio-
genesis-related genes, including the mitochondrial trans-
lation factors mtEFTu and TFAM, than normal plasma
cells [181]. These findings suggest a potential role for
mitochondrial translation in the malignant transforma-
tion of monoclonal gammopathy. A mitochondrial trans-
lation inhibitor effectively reduces mitochondrial activity
and suppresses the proliferation of MM cells while sig-
nificantly prolonging the survival of MM-transplanted
mice in vivo [182]. These findings highlight the therapeu-
tic potential of targeting mitochondrial translation in the
treatment of MM.

These studies suggest that mitochondrial translation is
a potential therapeutic target for treating hematological
malignancies. Due to the similarities between mitochon-
drial and prokaryotic ribosomes, ribosome-targeting
antibiotics are among the most commonly used candi-
dates for modifying mitochondrial translation. Moreover,
these antibiotics do not cause serious adverse reactions,
such as hematological toxicity, in oncology patients
[183-186], which lays a good foundation for their clini-
cal application. Tigecycline, an FDA-approved drug for
treating infections, was first observed to inhibit AML cell
mitochondrial translation and selectively kill LSCs. In
subsequent studies, it was found to have pharmacologi-
cal functions in inhibiting mitochondrial translation in
a variety of tumor cells, including AML, CML, DLBCL,
Myc-driven lymphoma [8, 9, 165, 166, 178], and solid
tumors such as renal cell carcinoma and ovarian cancer
[187, 188]. However, in a phase I clinical trial of intrave-
nous tigecycline treatment for patients with refractory
AML, no clinical response was observed, possibly due
to the short half-life of the drug in AML patients [189].
Therefore, identifying a stable and long-lasting method to
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(See figure on previous page.)

Fig. 5 Current methods for studying mitochondrial translation

(a) Fluorescence noncanonical amino acid tagging in mitochondria (mito-FUNCAT) allows the incorporation of bioorthogonal amino acids containing
click-responsive alkynes or azides into newly synthesized mitochondrial proteins in the presence of cytoplasmic translational inhibition. Mitochondrial
translation is subsequently assessed by on-gel detection, in situ microscopy or FACS. (b) Mitochondrial ribosome profiling (Mito Ribo-seq). Mammalian
mitochondrial ribosomes are separated by size from cellular ribosomes by sucrose density gradient ultracentrifugation after RNase treatment, and mRNA
fragments protected by mitochondrial ribosomes are analyzed using in-depth sequencing. (c) The addition of a mixture of recombinant mitochondrial
factors, 55 S mitochondrial ribosomes, and tRNA to a single reaction allows the synthesis of mitochondrial and model proteins from leaderless mRNAs
in a cell-free environment. (d) Morpholino—Jac1 chimeras can be introduced into purified mitochondria for mRNA-specific translational silencing via the

TOM/TIM23 complex

inhibit mitochondrial translation in tumor cells may be
a key breakthrough in achieving targeted mitochondrial
translational therapy in the future.

Methods for studying mitochondrial translation

As mentioned above, mitochondrial translation plays an
important role in various cells. However, the lack of rel-
evant research techniques has made the study of mito-
chondrial translation mechanisms and mitochondrial
gene function challenging. With the continuous advance-
ment of related research, the development of many
related technologies has increased. In the past, measur-
ing mitochondrial translation has posed challenges due to
the spatial autonomy of mitochondria. However, recent
advancements have led to the emergence of numerous
novel techniques for studying mitochondrial translation,
thereby providing a solid technical foundation (Fig. 5).

Labeling of newly synthesized mitochondrial proteins
Treating cells with radionuclide- or fluorescence-labeled
amino acids could aid in the detection of newly synthe-
sized proteins. This method is commonly used to study
cellular translation processes. After eliminating cyto-
plasmic translation disturbances using cytoplasmic
ribosome-specific inhibitors, this method can be spe-
cifically applied to mitochondrial translation. Based on
this hypothesis, scientists have developed mitochondrial
fluorescence noncanonical amino acid tagging (mito-
FUNCAT) methods. By treating cells with L-homo-
propargylglycine (HPG) or L-azidohomoalanine (AHA),
mito-FUNCAT can be used to label newly synthesized
mitochondrial proteins with fluorescence markers, thus
allowing the quantification of mitochondrial translation
levels [190-192]. For example, the synthesis rates of 13
mitochondria-encoded proteins can be assessed via an
on-gel analysis of labeled proteins [191, 192].

In conjunction with confocal microscopy, mito-FUN-
CAT allows the visualization of mitochondrial transla-
tion at the subcellular level. Using in situ mito-FUNCAT,
researchers have shown that mitochondrial protein
synthesis is significantly active in the presynaptic com-
partment of neuronal axons and in the postsynaptic
compartment of dendrites [191]. In addition, in conjunc-
tion with superresolution-stimulated emission depletion
(STED) nanoscopy, mito-FUNCAT was used to visualize

mitochondria even at the single-organelle level. Using
this approach, scientists confirmed that the cristae mem-
brane (CM) of the mitochondrial invagination site has
the highest mitochondrial translational activity and that
the active site of mitochondrial translation is colocalized
with TACO1 expression [192]. Mito-FUNCAT in con-
junction with fluorescence-activated cell sorting (FACS)
enable high-throughput measurements of mitochondrial
protein synthesis [193]. Mito-FUNCAT-FACS can reveal
the heterogeneity of mitochondrial translation between
cellular subpopulations [193].

Mitochondrial ribosomal profiling

The development of ribosomal profiling, also known as
Ribo-seq, has significantly advanced the field of mRNA
translational research. This technique involves the use of
nucleases to degrade mRNA, facilitating the sequencing
of ribosome-protected fragments (RPFs) that are actively
undergoing translation. The sequencing results reveal the
precise positions of ribosomes along the entire transcrip-
tome at single-codon resolution, referred to as ribosomal
footprints [194]. Based on the same principle, mitochon-
drial ribosome profiling, also known as Mito Ribo-seq,
has emerged. Unlike ribosome profiling, Mito Ribo-seq
first requires the isolation and purification of mitochon-
drial ribosomes, which is achieved by sucrose gradient
centrifugation [195, 196].

The emergence of Mito Ribo-seq has greatly pro-
moted research in the field of mitochondrial translation.
According to the conventional perspective, excess input
into the nuclear-encoded OXPHOS components occurs
during the assembly of OXPHOS [90]. However, using
Mito Ribo-seq, researchers have shown that the average
synthesis level of OXPHOS components in mitochondria
corresponds to the average synthesis level in the cyto-
plasm [197], indicating that the components of OXPHOS
may be synthesized proportionally to one another, chal-
lenging previous viewpoints. In addition, researchers
have discovered a short ORF in the MT-ND5 3’ UTR that
encodes a short peptide chain consisting of four amino
acids [197]. The mitochondrial ribosome density of this
OREF is comparable to that of other OXPHOS OREFs, sug-
gesting that it may be translated and play a cellular role.
However, due to the limited application of gene editing in
mitochondria, its function has not yet been determined.
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These functional noncanonical mitochondrial ORFs have
also been described in other studies, indicating that the
coding potential of the mitochondrial genome may have
been underestimated [198].

In Vitro Construction of the mitochondrial translation
system
Despite providing valuable approaches for monitoring
intracellular mitochondrial translation, the aforemen-
tioned methods have limitations in investigating complex
molecular mechanisms. A recombinant system for mam-
malian mitochondrial translation has been developed to
overcome this challenge. This system involves a combina-
tion of purified recombinant mitochondrial factors, 55 S
mitochondrial ribosomes, and leaderless mRNAs and
tRNAs derived from yeast or E. coli. It enables the syn-
thesis of model proteins, such as bacterial dihydrofolate
reductase and nanoluciferase, as well as three mitochon-
dria-encoded proteins (ATP8, ND3, and ND4L) [199].
Through various improvements, this technique has
assisted scientists in obtaining a deeper understanding
of the mitochondrial translation initiation system. Unlike
cytoplasmic translation, leaderless mRNAs preferentially
bind to assembled 55 S ribosomes rather than to small
subunits [200]. mtIF2 was also found to be essential for
translation initiation. In contrast, mtIF3 is dispensable
and only required for the translation of ATP6 [200].

Mitochondrial gene editing

A technique has been developed to inhibit the translation
of specific mitochondrial mRNAs in vitro, thereby inter-
fering with the expression of specific mitochondrial tran-
scripts. Using this technique, researchers constructed a
precursor—morpholino chimera composed of Jacl and a
morpholino, in which the morpholino can impair RNA
maturation and translation through an antisense mecha-
nism of action. The precursor-morpholino chimera is
imported into purified mitochondria through the TOM/
TIM23 complex. Once inside the mitochondria, the chi-
mera binds to the target mRNA, blocking its interaction
with the mitochondrial ribosome [201]. This innovative
technology addresses the question of the mechanism
by which double cis-trans mRNAs, such as ATP8/ATP6
and ND4L/ND4, are translated. The translation of these
two OREFs is not an independent ribosome association
event. Protein synthesis from downstream ORFs requires
translation initiation from upstream ORFs [201]. Fur-
thermore, this technique facilitates the immunosepa-
ration of individual mitochondrial transcripts during
active translation. This process enables the identifica-
tion of RNA-binding proteins through mass spectrom-
etry. In recent studies, the use of this approach led to the
identification of IGF2BP1 and DHX30 as activators of
mitochondrial translation [201]. Overall, this technique
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provides valuable insights into the regulation and mecha-
nisms of mitochondrial translation at the molecular level.

Gene editing technology for mtDNA has emerged as
a prominent research focus in the field of mitochondrial
biology. While CRISPR gene editing systems have revo-
lutionized genetic editing, their direct applicability to
mtDNA is hindered by the absence of a viable method for
delivering guide RNA to the mitochondria. Inspiringly,
the recent identification of DddAtox, a novel cytidine
deaminase that targets double-stranded DNA (dsDNA),
has paved the way for mitochondrial base editing through
the development of DddA-derived cytosine base editors
(DdCBEs) [202]. By leveraging DddA and its homologs,
researchers have successfully manipulated site-specific
mutations within mtDNA, providing innovative paths
for disease modeling and the treatment of mitochondrial
disorders [203—-205]. Despite significant advances, mito-
chondrial gene editing technology needs further develop-
ment in the future to address the challenges of efficiency
and specificity [206].

Conclusions and perspectives
Mitochondria exhibit notable differences in protein
translation processes compared to those of cytoplas-
mic translation, mainly due to the presence of distinct
genomic and protein synthesis systems. Mitochondrial
translation is regulated by the expression of RNAs and
factors that coordinate OXPHOS complex assembly.
Additionally, mitochondrial translation influences cyto-
plasmic translation through various signaling pathways,
including the ISR, and the nucleus also regulates mito-
chondrial translation through selective protein expres-
sion. Recent studies have revealed the significant role
of mitochondrial translation in normal and malignant
hematopoiesis (Table 4). A disruption of mitochondrial
translation leads to impaired normal hematopoiesis, such
as hindered HSC erythroid differentiation and decreased
T-cell cytotoxic function. Moreover, mitochondrial trans-
lation plays a crucial role in malignant hematopoiesis. It
is regarded as a potential therapeutic target for various
hematologic malignancies. Mitochondrial translation
inhibition may affect both normal and malignant hema-
topoiesis through downstream effects on inhibiting cyto-
plasmic translation and disrupting metabolism. However,
the exact underlying mechanisms remain unclear, and
epigenetic changes, RBPs, and ROS may play potential
roles in this process. Research techniques specifically
focused on mitochondrial translation must be developed.
Monitoring and studying mitochondrial translation using
techniques such as mitochondrial ribosomal profiling
may represent a promising direction for future research.
Despite significant advances in understanding the rela-
tionship between mitochondrial translation and hema-
topoiesis, unresolved issues remain in this field, which
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Table 4 Methods and biological phenotypes of mitochondrial translation-mediated inhibition of normal and malignant

hematopoiesis

Classification Cell Type Methods to Inhibit Mito- Main Biological Phenotypes Ref-
chondrial Translation er-
ence
Malignant AML Tigecycline, chlorampheni- Reduced growth and viability [8]
hematopoiesis col, and linezolid Decreased mitochondrial membrane potential and oxygen consumption
Knockdown of mtEFTu in tumors
ALL Knockdown of ICT1 Suppression of proliferation [180]
The cell cycle is arrested at S and sub-G1 phases
Promotion of apoptosis
AML Tedizolid Inhibition of complex | [174]
Doxycycline Synergistic activation of the integrative stress response with venetoclax,
thereby overcoming venetoclax resistance
DCBCLs Tigecycline Selectively toxic to OXPHOS-DLBCL cell lines and primary tumors [178]
Knockdown of mtEFGT,
mtEFTu, or MRPS7
Myc-driven Tigecycline Inhibit myc-driven lymphoma proliferation [9,
lymphoma Inhibition of HsPDF; Promotion of apoptosis 150,
knockdown of TFAM 166]
CML Tigecycline Impairment of OXPHOS, glycolysis, and primary CML proliferation [165]
ALL Tigecycline Promotion of apoptosis [167]
Enhancement of chemotherapeutic sensitivity
MM Tigecycline Reduction in mitochondrial activity [183]
Inhibition of cancer cell growth
Normal CD8* T cells Doxycycline Impairment in the de novo synthesis of cytolytic proteins [5]
hematopoiesis Chloramphenicol Higher expression levels of metabolic enzymes and RBPs
CD8* T cells Knockdown of MRPL39 or  Impairment of cellular oxygen consumption and an antitumor capacity — [7]
OXAT1L expression during fever
Tigecycline
Th17 cells Linezolid Deficient OXPHOS [6]
Knockdown of mEFG1 Decreased NAD+/NADH ratio
expression Impairing cytokine production
CD8" T cells Azithromycin Diminished mtROS-dependent IL-2 production [116]
Decreased IL-2-dependent TNF, IFN-y, perforin, and granzyme B
production
B cells Knockdown of TFAM Damage to the actin cytoskeleton [178]
expression Impaired the motility of GC B cells in response to chemokine signaling
Macrophages 7-Ketocholesterol Inhibition of tumor necrosis factor signaling, resulting in dysfunctional [155]
Doxycycline phagocytosis
Megakaryocytes,  Knockdown of mtIF3 Inhibition of megakaryocyte production and platelet activation [46]
Platelets

ALL: acute lymphoblastic leukemia; DLBCLs: diffuse large B-cell ymphomas; AML: acute myeloid leukemia; CML: chronic myeloid leukemia; EF-Tu: mitochondrial
elongation factor Tu; ICT1: immature colon carcinoma transcript 1; GFM1: G elongation factor, mitochondrial, 1; MRPS7: mitochondrial ribosomal protein, S7; HsPDF:
human mitochondrial peptide deformylase; TFAM: transcription factor A, mitochondrial; MRPL39: mitochondrial ribosomal protein, L39; OXA1L: mitochondrial
ribosome-associated insertase; mEF-G1: mitochondrial elongation factor G1; mtIF3: mitochondrial translation initiation factor 3; MM: multiple myeloma

are listed below. (1) Current studies have identified sev-
eral potential downstream pathways of mitochondrial
translation, but the specific mechanisms and possible
signaling cascades involved have not been fully explored.
Furthermore, determining whether these pathways are
cell type specific is essential. For example, in T cells and
HSCs, mitochondrial translation has been shown to
affect cell function through epigenetic effects, RBPs, and
ROS. However, whether these pathways are exclusive to
specific cell types remains uncertain. (2) Research on
mitochondrial translation needs to broaden its scope.
While most hematopoietic cells have been studied,

limited research has been conducted on NK cells and
granulocytes. Additionally, the role of mitochondrial
translation in other cells, such as fibroblasts, remains
unknown, and its elaboration can improve our under-
standing of the whole tumor microenvironment. Cellular
processes that may be influenced by mitochondrial trans-
lation, such as mitochondrial transfer, need to be investi-
gated as well. (3) Inhibiting mitochondrial translation is
considered a potential strategy for treating various hema-
tological malignancies, but effective clinical studies are
still lacking. The challenge of efficiently inhibiting mito-
chondrial translation in malignant cells in vivo remains
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a significant barrier to clinical application. The develop-
ment of novel mitochondrial inhibitors or gene editing
technologies may represent promising approaches for
future therapeutic interventions. Additionally, our recent
studies confirmed the role of mitochondrial metabolism
in enhancing the function of chimeric antigen recep-
tor T cells [207—-209]. Given the influence of mitochon-
drial translation on the metabolism of immune cells,
mitochondrial translation could effectively enhance the
efficacy of immunotherapies, which requires further
investigation.

Abbreviations

HSC hematopoietic stem cell

mMRNA messenger RNA

Ssu small subunit

LSuU large subunit

MRP mitochondrial ribosomal protein

CRIF1 CRé-interacting factor 1

Lck lymphocyte-specific protein tyrosine kinase
IL interleukin

rRNA ribosomal RNA

mtDNA mitochondrial DNA

IMM inner mitochondrial membrane
tRNA transfer RNA

OXPHOS oxidative phosphorylation

PTH peptidyl-tRNA hydrolase

RBP RNA binding protein

GTPBP6 GTP-binding protein 6

miRNA microRNA

LRPPRC-SLIRP  leucine-rich PPR motif-containing protein—-SRA stem loop-

interacting RNA-binding protein

FASTK Fas-activated serine/threonine kinase

GRSF1 G-rich sequence factor 1

mtPAP mitochondrial poly(A) polymerase

TRNT1 tRNA nucleotidyltransferase 1

PDE12 2'5-phosphodiesterase

TACO1 translation activator of CO1

MITRAC12 mitochondrial translation regulation assembly intermediate
of cytochrome c oxidase 12

TIM inner membrane translocase

ETC electron transport chain

GSC glioblastoma stem cells

HCC hepatocellular carcinoma

ROS reactive oxygen species

ISR integrated stress response

mTORC1 mammalian target of rapamycin protein complex 1

elF2a eukaryotic translation initiation factor 2 subunit alpha

HRI heme-regulated inhibitor

DELE death ligand signal enhancer

mtUPR mitochondrial unfolded protein response

ATFS-1 activating transcription factor associated with stress-1
NLS nuclear localization sequence

MLS mitochondrial localization sequence

CHOP C/EBP homologous protein

SeK1 p70s6 protein kinase 1

4EBP elF4E-binding protein

TFAM mitochondrial transcription factor A

EPO erythropoietin

BOHB (-hydroxybutyrate

MRPL39 mitochondrial ribosomal subunit 39

OXA1L mitochondrial ribosome-associated insertion enzyme
MPP multipotent progenitor

CLP common lymphoid progenitor

CMP common myeloid progenitor

MEP megakaryocyte/erythroid progenitor

GMP granulocyte/macrophage progenitor

CTL cytotoxic T lymphocyte
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GC germinal center

TAM tumor-associated macrophage

CSA congenital sideroblastic anemia

PMPS Pearson marrow-pancreas syndrome

MLASA mitochondrial myopathy with lactic acidosis and
sideroblastic anemia

PUST pseudouridine synthase

TARS2 mitochondrial tyrosyl-tRNA synthetase

AML acute myeloid leukemia

LSC leukemia stem cell

CML chronic myeloid leukemia

DLBCL diffuse large B-cell lymphoma

HsPDF human mitochondrial peptide deformylase

MM multiple myeloma

mito-FUNCAT  mitochondrial fluorescence noncanonical amino acid
tagging

STED superresolution-stimulated emission depletion

(@Y cristae membrane

FACS fluorescence-activated cell sorting

RPF ribosome-protected fragment

ORF open reading frame

dsDNA double-stranded DNA

DdCBEs DddA-derived cytosine base editors
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